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PHYSICS 


Neutronic Aspects of Plutonium 
Recycle in Thermal Reactors 


By Philip H. Kier 


Plutonium recycle in thermal reactors appears to be 
inevitable during the 1970s for several reasons: (1) 
the production of tons of fissile plutonium’ in com- 
mercial power reactors, (2) the 1971 termination of 
guaranteed buy back by the AEC of commercially 
produced plutonium, and (3) the delay in the wide use 
of fast breeder reactors until the 1980s. 

Much information on the neutronics aspects of plu- 
tonium utilization has been obtained from studies 
performed as part of the AEC’s Plutonium Utiliza- 
tion Program.’ Lattice measurements have supplied 
data for the development of accurate theoretical 
models. Irradiation experiments are supplying infor- 
mation for the refinement and calibration of a variety 
of fuel-cycle codes. The feasibility of plutonium 
utilization in thermal reactors and the compatibility 
of mixed uranium —plutonium oxide fuel with existing 
water-moderated power reactors has been estab- 
lished. Detailed information on the utilization of 
plutonium in pressurized-water and boiling-water 
reactors will be provided by the Edison Electric In- 
stitute studies.’ 


Background 


For many years interest in the utilization of plu- 
tonium was minimal because few power reactors 
were in operation and because the AEC guaranteed 
to purchase plutonium produced in commercial power 
reactors. If the plutonium recoverable from thermal 
power reactors in this country were assigned to zero 
value, instead of the current $10 per fissile gram, 
the cost of electricity generated in nuclear plants 
would be increased by 0.2 to 0.4 mill/kw-hr. There- 
fore, because legislation has established Jan. 1, 1971, 
as the date after which the AEC will no longer guar- 
antee to buy plutonium and because the many com- 
mercial nuclear power reactors will have produced 
tons of plutonium by that date, considerable interest 
in plutonium has developed in recent years. 


PLUTONIUM UTILIZATION 


There is general agreement’’*’* that in the long run 


plutonium is best utilized as a fuel for fast breeder 
reactors, but it is expected that fast breeders will 
not be built in quantity in this country until the mid- 
1980s. Because there are great economic disadvan- 
tages in stockpiling plutonium for the many years 
until the advent of fast breeder reactors, plutonium 
recycle in thermal reactors appears to be inevitable. 

There is little doubt that plutonium recycle in 
thermal reactors is technically feasible. Water- 
moderated power reactors currently in operation 
contain substantial quantities of plutonium produced 
in situ. For example, in the Yankee reactor, nearly 
half® of the heat generated just prior to refueling was 
from fission of plutonium. Thus there is considerable 
experience with reactors in which fission of pluto- 
nium is important. What would be new in plutonium 
recycle is that fuel elements would be fabricated in 
which plutonium produced in other reactors, rather 
than *°U, would be the principal fissile material. 
But, in thermal reactors, can plutonium produce 
power as economically as slightly enriched uranium 
fuel? 


AEC Studies. Since 1957, the AEC has had a pro- 
gram for the investigation of the use of plutonium in 
thermal power reactors, the Plutonium Utilization 
Program.’ This program, whose primary objective is 
to provide a firm technical basis for the safe, econ- 
omical recycle of plutonium in commercial reactors, 
has investigated areas where the use of plutonium 
could affect reactor fuel cycles: plutonium fuels de- 
velopment, analytic and experimental physics studies, 
chemical reprocessing development, studies of the 
economics of plutonium fuel cycles, and supporting 
engineering studies. Over the last 10 years much 
experience, data, and design information have been 
developed from the program, which now is being 
phased out.’ 
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Industry Studies. With the AEC sponsorship of 
developmental studies in this field ending in 1970, 
industry is beginning to sponsor programs. The 
electric-power industry, through the Edison Electric 
Institute, has begun a two-phase program studying 
loadings of plutonium-bearing fuels in large boiling- 
and pressurized-water reactors.* The $700,000 first- 
phase effort is being shared by General Electric, 
which will be concerned with boiling-water reactors, 
and Westinghouse, which will be concerned with 
pressurized-water reactors. The first phase will 
evaluate economic and technical aspects of utilizing 
plutonium fuel in thermal reactors and will investi- 
gate and specify the best method of utilization in 
large water reactors. The second phase would use 
the information available to design and manufacture 
plutonium-bearing test-fuel subassemblies for irra- 
diation in large water reactors. 


Overseas Interest. Interest in plutonium recycle 
in thermal reactors is not restricted to the United 
States. Several countries, such as Japan® and Italy,” 
have no natural-uranium resources but have pro- 
grams for rapid expansion of nuclear power. To rely 
solely on imported slightly enriched uranium as fuel 
for these reactors would adversely affect the balance 
of trade of these countries. In Britain, plutonium pro- 
duced in Magnox reactors at the rate of 2.5 metric 
tons (fissile) per year will become available for use 
in power reactors in 1970. A number of fast breeder 
reactors are expected to be in operation in the United 
Kingdom in the late 1970s, and Britons feel that their 
stockpiled plutonium is best utilized in fast reac- 
tors.''!° However, experimental and analytic studies 
investigating the use of plutonium in the Advanced 
Gas-Cooled Reactor (AGR) have been made. Thus, if 
difficulties are encountered in the development of 
fast breeder reactors in Britain, the plutonium could 
be utilized in AGR-type reactors. 


Lattice Measurements 


Precise theoretical models must be used to ac- 
curately predict the changes in isotopic concentra- 
tion with burnup for plutonium-bearing fuel. Confi- 
dence in a model results if it predicts criticality, 
reactivity coefficients, and burnup accurately. In- 
formation for the construction of models has been 
gained from extensive physics measurements in the 
United States and in Britain for lattices containing 
plutonium fuel. The moderators, types of fuel, and 
types of measurements are given in Table 1. 


MIXED -OXIDE STUDIES 


Most of the U. S. measurements have been made 
with mixed oxides of plutonium and uranium for the 
fuel and light water for the moderator, although some 
measurements were made with a Pu—Al alloy for the 
fuel and with heavy-water or graphite moderators. 


The bulk of the experiments have been performed at 
the AEC’s laboratory at Richland, Wash. (formerly 
Hanford Laboratories, now Pacific Northwest Lab- 
oratory, Battelle Memorial Institute). The critical 
experiments at Argonne National Laboratory are in 
conjunction with an irradiation experiment in the 
Experimental Boiling Water Reactor (EBWR) and 
those performed by Westinghouse are in conjunction 
with an irradiation experiment in the Saxton reactor. 

In the United States, interest has centered on 
PuO,—UO, fuel rods because this fuel is most com- 
patible with existing boiling- and pressurized-water 
power reactors. It would be highly desirable if plu- 
tonium recycle fuel could be used in existing power 
reactors without requiring any modification of their 
cores. In the United Kingdom, where plutonium re- 
cycle would be in AGR reactors, critical experiments 
have had graphite for the moderator. 


APPLYING THE DATA 


These lattice measurements provide a wealth of 
information with which our understanding of the 
physics of plutonium-fueled thermal reactors can 
be enhanced. In the design of these measurements, 
no attempt was made to specify plutonium enrich- 
ments and lattice pitches such that the optimum core 
for economical power production could be deter- 
mined directly. However, the measurements yield 
data that enable tests of theoretical models from 
which an optimum lattice can be predicted. Further, 
the experiments indicate differences between yy. 
enriched and plutonium-enriched fuel when used in 
light-water lattices. Plutonium has a larger thermal 
cross section than *°U and therefore competes more 
effectively for thermal absorption with lumped and 
dissolved poisons than does 7°U. We would there- 
fore expect lower control-rod worths and boric acid 
worths in plutonium-enriched lattices. This effect 
has been detected in the lattice measurements for 
the Saxton irradiation experiment where lower rod 
worths and boric acid worths were obtained with 
6.6 wt.% PuO,—UO, fuel than with UO, (5.7 wt.% 75U) 
fuel. The use of plutonium fuel in an existing power 
reactor could therefore require modification of the 
core such that it has more control rods or a higher 
volume ratio of water to fuel. 


Theoretical Models for Physics Calculations 


The important complication introduced by the pres- 
ence of plutonium is in the consideration of reaction 
rates for energies below 2 ev. The thermal absorp- 
tion of *°U is nearly 1/v, and thus the thermal- 
neutron spectrum where the fuel is enriched ura- 
nium can be approximated by a hardened Maxwellian 
distribution. Also, the assumption that the intracell 
neutron flux is separable in space and energy is 
reasonable. 
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Table 1 LATTICE MEASUREMENTS FOR PLUTONIUM-RECYCLE REACTOR PHYSICS 
Moderator Facility* Fuel 240Py, at.% Type of measurement Organization Ref. No. 
H,O Subcritical 1.8 wt.% Pu—Al 6 Critical mass, B’, reflector savings, Hanford 58, 59 
five lattices 
H,O Subcritical 2.0 wt.% Pu—Al 16.5 Critical mass, B’, reflector savings, Hanford 59, 60 
six lattices 
H,O Subcritical 5.0 wt.% Pu—Al 6 Critical mass, B’, reflector savings, Hanford 58, 59 
seven lattices 
H,O Subcritical 1.5 wt.% PuO,—UO, (depl.) 8 Critical mass, B’, reflector savings, Hanford 61, 62 
six lattices 
H,O Subcritical 2.0 wt.% PuO,—UO, (nat.) 8, 17, 24 Critical mass, B’, reflector savings, Hanford 63 
variable lattice spacing 
H,O PRCF 1.5 wt.% PuO,—UO, (depl.) 8 Reactivity coefficients Hanford 61, 62 
H,O EBWR 1.5 wt.% PuO,—UO, (depl.) 8 Critical mass, foil activations, ANL 17 
reactivity coefficients 
H,O EBWR 1.5 wt.% PuO,—UO, (depl.), 8 Reactivity coefficients ANL 17 
6 wt.% UOs, UO, (nat.) 
H,O PRCF 1.8 wt.% Pu—Al 6 Reactivity coefficients Hanford 64 
H,O CRX 6.6 wt.% PuO,— UO, (nat.) 8.6 Criticality, B’, reflector savings, Westinghouse 65 
foil activations, reactivity 
coefficients, five lattices 
H,O CRX 6.6 wt.% PuO,—UO, (nat.) and 8.6 Reactivity coefficients, foil activa- Westinghouse 65 
5.7 wt.% UO, tions 
H,O Subcritical 1.5 wt.% PuO,—UO, (nat.) 20 Foil activation for spectrum analysis General 66 
. : ‘ Electric 
Graphite PCTR 1.8 wt.% Pu—Al 6 k,, foil activations, three lattice Hanford 67 
spacings 
Graphite PCTR 2.4 wt.% Pu—Al 22 k,,, foil activations, three lattice Hanford 68 
spacings 
Graphite PCTR 0.9 wt.% PuO,—UO, (depl.) 8 k,, toil activations, three lattice Hanford 69 
spacings 
Graphite PCTR 1.4 wt.% PuO,—UOy, (depl.) 28 k,,, foil activations, three lattice Hanford 68 
spacings 
Graphite PCTR 1.88 wt.% and 2.08 wt.% 6, 16 Temperature coefficient, T = 400°C Hanford 68 
Pu—Al 
Graphite PCTR Pu-—Al, wt.% Pu variable 6, 16 Resonance integral of 24°Pu Hanford 68 
Graphite SCOR PIO 0.25 wt.% PuO.—UO, (0.9 wt.%) 5.2 B’, foil activations Win/rith 70 
U 
Graphite SCOR PIO 0.8 wt.’ and 1.2 wt.% 9.5 B’, foil activations Winfrith 70 
PuO,— UO, (depl.) 
Graphite SCORPIO 0.25 wt.% and 0.55 wt. 25,3 B’, foil activations, nine lattices Winfrith 71 
Pu—Al 
Graphite HECTOR 0.25 wt.%c Pu—U (depl.) ke Reactivity coefficients Winfrith 72, 73 
D,O PRTR 1.8 wt.% Pu—Al and UO, (nat.) 6 Critical mass, reactivity coefficients Hanford 74, 75 
D,O PRCF 1.8 wt.% Pu—Al and UO, (nat.) 6 Critical mass, reactivity coefficients Hanford 74, 75 
D,O PRCF 2.0 wt.% PuO,— UO, (nat.) 8 Reactivity coefficients Hanford 76 
D,O PDP Pu-Al 8 Temperature coefficient SRL 77 
D,O PDP Pu— Al 50 Temperature coefficient SRL 77 
Polyethylene PCTR 20 wt.% Pu-—Al §, 19, 27 Rn Hanford 78 








*PRCF is the Plutonium Recycle Critical Facility; EBWR is the Experimental Boiling Water Reactor; CRX is the Critical Reactor Experi- 
ment; PCTR is the Plutonium Critical Test Facility; PRTR is the Plutonium Recycle Test Reactor;and PDP is the Process Development Pile. 


SLOW-NEUTRON CROSS SECTIONS 


The slow-neutron cross sections of the important 
isotopes of Pu, **Pu, 7“"Pu, and *“'Pu, deviate greatly 
from 1/v energy dependence. Near 0.3 ev, 23°Dy and 
*41buy have strong resonances; at 1.0 ev, “Pu has a 
giant resonance. There are substantial depressions 
in the thermal flux at these energies in the fuel which 
disappear as one moves out in the moderator.'! The 
assumption of the space and energy separability of 
the intracell thermal flux is therefore tenuous for 
plutonium fuels. Liikala!? has shown that for 1.5 wt.% 
PuO,—UO, fuel pins this assumption causes the pin 
cell averaged (v=;/Z,) to be overestimated by as 
much as 1.3%. Reactivity coefficients are strongly 
dependent upon the competition between capture in 
fertile nuclides (7°U, “Pu, and *4*Pu), and fission in 
fissile nuclides (7°U, 7°Pu, and *4'Pu). Because of 
the strongly non-(1/v) behavior of the slow-neutron 


cross sections of the isotopes of plutonium, this 
competition is strongly influenced by details in the 
thermal spectrum. Since these details are not well 
represented in models based on the space and en- 
ergy separability of the thermal flux, we could ex- 
pect these models to yield inaccurate estimates of 
such reactivity coefficients as the temperature or 
void coefficient. 


Calculating Cross Sections. The calculational 
models currently used for obtaining slow-neutron 
cross sections for plutonium lattices utilize codes 
that include nonseparability effects in one of two 
ways: (1) a code such as THERM@S," which is based 
on multigroup integral transport theory,'’ and (2) a 
code based on multigroup disadvantage factors.'> In 
the majority of calculational models, multigroup 
integral transport theory is used to treat the thermal 
group; however, a method based on multigroup dis- 


POWER REACTOR TECHNOLOGY and REACTOR FUEL PROCESSING, Vol. 10, No. 2, Spring 1967 





96 


advantage factors'® yields accurate estimates of the 
multiplication constant. In these models the thermal 
group usually extends to higher energies than is 
usual because of the giant resonance of *°Pu at 1.0 
ev. Because of the low energy and width of this reso- 
nance, the standard methods of treating resonance 
absorption, based on the narrow resonance approxi- 
mation in the moderator and slowing-down theory, 
could be expected to be inaccurate. The thermal 
group is extended to energies above the resonance 
so that thermalization effects and the space-energy 
flux distribution near 1 ev can be described. 


These calculational mod- 
el are capable of providing accurate estimates 
of the multiplication constant, k, which agree with ex- 
periment to within 1%. It is difficult to make a direct 
comparison of the models to isolate the effects that 
contribute to the errors because each installation 
uses different libraries of basic cross sections and 
different combinations of codes for generating group”! 
effective cross sections and for computing k. Cross- 
section standardization efforts such as the ENDF/B 
Data File are a welcome development. 

Some comparative information can be obtained 
from Table 2 in which is given the predictions of 
several calculational models for k for 1.5 wt.% 
PuO,—UO, light-water moderated critical lattices. 
The LEOPARD” uses the free-gas scattering kernel, 
Amouyal —Benoist energy-dependent disadvantage fac - 
tors, and a thermal cutoff at 0.625 ev, whereas 
LASER” uses THERM@QS, the free-gas or the Nelkin 
scattering kernel, and a thermal cutoff at 1.85 ev. 
It appears that the choice of scattering kernel has 
an effect, approximately 0.3% Ak on the predicted 
constant. 

From Table 2 we also see that the basic cross- 
section data has an important effect on calculations 
ofk. There is a discrepancy in k of about 1% between 
calculations using Leonard’s data” for the cross 
section of *®Pu and calculations using Westcott’s 
data." Use of Winfrith®> cross sections for *°Pu, not 
shown in Table 2, results in calculations of k about 
0.5% lower than those obtained with Westcott’s data. 
It is interesting to note that Moon” developed a 
model, using one-group thermal disadvantage factors 
and consistent cross sections for the isotopes of 


Comparing Models. 
git, 15-20 


Table 2 
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uranium and plutonium that yielded accurate (within 
1%) predictions of k for both PuO,—UO, and 1.8 wt.% 
PuAl-fueled lattices (Table 3). Since Moon’s model 
did not account for the ngnseparability of the thermal 
flux, it would be expected that his model would over- 


Table 3) PREDICTIONS* OF k FOR PuAl IN 
LIGHT-WATER-MODERATED CRITICAL LATTICES 





Calculational model 








Lattice pitch, GAM — DSN? THERM@S"! 
in. SOFOCATE HRG 
0.75 1.011 1.027 
0.80 1.010 1.021 
0.85 1.008 1.016 
0.90 1.006 1.013 
0.95 1.004 1.009 
*For 1.8 wt.% Pu-Al. 


estimate k by more than 1%. From Tables 2 and 3 it 
is possible to construct calculational models that will 
predict the multiplication constant of regular pluto- 
nium lattices to within 1%. However, it is not clear 
whether these results are achieved with an accurate 
model and accurate cross sections or with an in- 
accurate model and inaccurate cross sections. 


MODELS FOR POWER REACTORS 


The measurements just considered used regular 
arrays of fuel rods or pins. In a power reactor the 
core configuration is much more complicated. The 
fuel pins are placed in metal assemblies. There is 
not even a regular array of fuel assemblies because 
of the channels and guide structure for control rods. 
It is important that this extra moderator and metal 
be properly described in calculational models for 
power reactors. The 1.5 wt.% PuO,—UO, fuel pins 
used in lattice measurements at Battelle—Northwest 
were placed in Zircaloy-2 cans for use in the EBWR 
Plutonium Recycle Irradiation Experiment. Prior to 
power operation of the EBWR, critical experiments 
were performed. A calculational model” developed at 
Argonne predicted k to within 1% for these measure- 
ments. In this model, effective thermal cross sec- 
tions were obtained from a three-stage homogeniza- 
tion scheme.”” A modified version of THERM@S” 


PREDICTIONS OF k FOR MIXED OXIDES* IN 


LIGHT-WATER-MODERATED CRITICAL LATTICES 





Calculational model and scattering kernel 





Lattice LEOPARD'® LASER'® LASER'® LASER'8 TEAM!8 GAM-—DSN26 THERM@S'! 
pitch, (free gas, (free gas, (Nelkin, (Nelkin, (free gas, SOFOCATE HRG 
in. Leonard?’) Leonard”2) Leonard”?) Westcott”*) — Leonard?*) (free gas) (Nelkin) 
0.55 1.0165 1.0134 1.0095 1.0002 0.990 0.996 1.000 
0.60 1.0240 1.0162 1.0126 1.0029 0.998 
0.71 1.0314 1.0200 1.0170 1.0068 1.007 0.994 0.999 
0.80 1.0297 1.01838 1.0156 1.0053 0.995 0.997 
ie 1 1 1 


0272 .0186 .0159 


0056 1.008 1.001 0.997 





*For 1.5 wt.% PuO,—UO. 
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was used to facilitate these homogenizations. At 
Battelle, calculations’? overestimated k by several 
percent for the critical experiments in the EBWR. 
In Battelle’s calculations the core was homogenized 
in a single step by augmenting the water and Zir- 
caloy-2 in a cell centered on a fuel pin by that con- 
tained in the assembly can and control-rod channel 
and guide structure. Because Argonne and Battelle 
calculational models are nearly identical in other 
respects and Battelle’s model accurately predicts k 
to the uniform lattice experiments with the same fuel, 
the difference in accuracy can be attributed to the 
difference in cell homogenization techniques. 


Irradiation Experiments 


Although lattice measurements can supply much 
useful information, irradiation experiments must be 
performed to obtain information on the metallurgical 
properties of plutonium fuels during power opera- 
tion and on the change in isotopic composition with 
exposure. Information on the exposure dependence of 
isotopic composition obtainable from irradiation ex- 
periments can be used to refine calculational models 
for describing burnup of nuclear fuels. 

Irradiation experiments are of two types: sample 
irradiation and batch irradiation. In a sample irra- 
diation a small amount of plutonium fuel is irradiated 
in a test reactor. Here, because the sample contrib- 
utes little reactivity to the system, high exposures 
can be achieved. The utility of the burnup information 
from this type of irradiation experiment is reduced 
somewhat because the neutron spectrum in the small 
plutonium-fuel zone is not characteristic of that in a 
plutonium-fueled thermal power reactor but is a 
hybrid neutron spectrum strongly influenced by the 
composition of the driver zones. In the other type 
of irradiation experiment, batch irradiation, large 
amounts of fuel are irradiated in a prototype power 
reactor. Here enough plutonium fuel is present to 
produce a neutron spectrum characteristic of a 
plutonium-fueled power reactor. 


SAMPLE IRRADIATION RESULTS 


There have been extensive small sample irradia- 
tions of Pu—Al and PuO,—UO, fuel in the Plutonium 
Recycle Test Reactor (PRTR).*° The metallurgical 
performance of the Pu—Al fuel was excellent to ex- 
posures corresponding to burnup of 83% of the initial 
fissile atoms. The PuO,—UO, fuel elements have per- 
formed adequately to exposures of several thousand 
megawatt-days per metric ton.*! The isotopic compo- 
sition of plutonium as a function of burnup for 1.8 
wt.% Pu—Al (6.2 at.% Pu) and 2.7 wt.% Pu—Al (16 
at.% “°pu) has been analyzed.™”:*? Calculations of the 
composition as a function of burnup made with the 
one-dimensional two-group burnup code, ALTHAEA,”™4 
are in reasonable agreement with the measurements. 


Small sample irradiations of 1.5 wt.% PuO,—UO, 
(17 at.% *“°Pu) has taken place in the Vallecitos Boil- 
ing Water Reactor (VBWR) in which some of the PuO, 
in the mechanically mixed PuO,—UO, was found to 
have segregated slightly. The results of mass spec- 
troscopic determinations of the isotopic composition 
at 1860, 3000, and 5300 Mwd/ton showed a deviation 
of only a few percent from calculated values.'* These 
calculations employed a three-group diffusion-theory 
code, with multigroup integral transport theory being 
used to obtain thermal and epithermal cross sections. 
The effects of self-shielding of the segregated PuO, 
are included in this model. 


BATCH IRRADIATIONS 


Currently in progress are the batch irradiations of 
partial cores of plutonium fuel in the EBWR® and the 
Saxton reactors.*® 


BWR Tests. In the EBWR the central 36 assem- 
blies contain 1.5 wt.% PuO,—UO, (8 at.% *“°Pu). To 
provide the additional reactivity required for ex- 
tended power operation, the loading also contains 
60 assemblies of 6 wt.% enriched UO, and 52 as- 
semblies of natural UO). The irradiation will proceed 
with burnup steps of 1000 to 1500 Mwd/metric ton. 
After each burnup step the reactor will be shut down 
so that special and standard fuel pins can be with- 
drawn for isotopic analysis and reactivity measure- 
ments at Battelle—Northwest. Because the duration 
of the experiment will be curtailed, the final average 
exposure for the plutonium fuel is expected to be 
about 4000 Mwd/metric ton. 


PWR Tests. In Saxton the central 9 assemblies 
contain 6.6 wt.% PuO,—UO, fuel pins and the outer 
12 assemblies contain 5.7 wt.% enriched-UO, fuel. 
Because of the small size of the core of the Saxton 
reactor, this enrichment of plutonium in the mixed- 
oxide fuel is at least twice the enrichment that 
would be used in a large power reactor. The Saxton 
reactor has been in power operation since January 
1966 with this fuel loading. As of June 1966, the aver- 
age burnup in the plutonium zone was about 6000 
Mwd/metric ton, which is about half of the planned 
exposure.*’ Postirradiation analysis of the composi- 
tion of the fuel will be made. 

The irradiation experiments in the EBWR and 
Saxton reactors should yield valuable information on 
the performance and burnup characteristics of PuO, — 
UO, fuel in boiling-water and pressurized-water re- 
actor environments. 


In PRTR. A _ controlled reactor-physics experi- 
ment*®® is being conducted in the D,O-moderated Plu- 
tonium Recycle Test Reactor to determine the life- 
time characteristics of a batch core loading of 2 
wt.% UO,—PuO, fuel. This experiment will make 
available information about the irradiation charac- 
teristics of the fuel®? and burnup data obtained from 
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Table 4 
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COMPUTED PLUTONIUM VALUES FOR SIMULATED 


REACTORS” WITH BATCH-CYCLE FUELING STRATEGY 





Cumulative 


Isotopic Composition, wt. 














exposure, Reactor _—_._._ Plutonium value,* 
Mwd/metric ton type Py 40py 24 py 242 py $/fissile g 
15.000 OMR 73.4 13.6 Rive 1.8 11.69 
PWR 69.7 18.5 10.0 1.8 12.30 
BWR 67.3 17.5 12.0 3.2 12.25 
D.O 64.1 Zouk 9:6 Xr 11.70 
Gas 16.8 39.5 8.8 4.9 12.30 
30,000 OMR 66.9 14. 14.7 4.2 10.47 
PWR 59.8 21.0 13.8 5.4 11.60 
BWR 59.0 18.0 15.5 7.3 11.05 
DO 32 26.0 12.2 9.0 10.75 
Gas 34.2 12.6 10.1 11.4 12.80 
45,000 OMR 63.2 13.8 16.2 6.8 9.35 
PWR 34.0 aie 15.0 9.8 11.30 
BWR 55.9 17.8 16.8 9.5 10.10 
DO 25.8 12.5 13.9 9.75 
Gas 41.8 10.5 17.9 11.00 
*With 4.75 use charge 
Table 5 COMPUTED PLUTONIUM VALUES FOR GRADED IRRADIATION 


IN FOUR SIMULATED REACTORS" 





Cumulative 








exposure, Reactor mopn Oe SL as Plutonium value,* 
Mwd/metric ton type and cladding 233py 240py AI py 242 py $/fissile g 
24,290 H,O/SS 54.4 pat (Be 4 12.5 6.9 11.50 
22,300 H,O/Zr 62:3 26:8... 13 8.8 10.30 
21,470 D,O/Zr 81.2 29.1 21.1 8.6 10.30 
23,710 Graphite/Mg 38.6 40.8 9.4 11.2 11.80 
419.300 H,O/SS 44.8 27.1 13.3 14.8 11.30 
45,710 H,O/Zr 44.4 25.3 13.5 16.8 9.50 
14,640 D,O/Zr ieee 28.6 Di2 18.0 9.20 
18,370 Graphite/Mg 30.4 37.9 8.9 22:8 11.20 
73.590 H,O/SS $1.2 25.6 12.9 20.3 11.00 
69,400 H,O/Zr WS Use 1278. 222 8.90 
67,110 D,O/Zr 38.8 26.8 10.6 23.8 9.10 
73,180 Graphite/Mg rae ie 34.4 8.1 30.4 10.70 





*With 4.75% use charge. 


an environment that is readily analyzable because of 
the simplicity of the reactor system. The experi- 
mental program is designed to give both the excess 
reactivity and fuel composition of the core as func- 
tions of irradiation. 


Neutronic Aspects of Economics 


Economic considerations for plutonium recycle in 
thermal reactors are quite complex. Costs are de- 
pendent not only upon the performance and burnup 
characteristics of feed plutonium fuel during power 
operation but also upon the costs of chemical re- 
processing’ of irradiated fuel and the incremental 
cost of fabricating plutonium fuel over that of fab- 
ricating’! uranium fuel. Considerations such as eco- 
nomic climate and business philosophy are also 
relevant, of course. 


PLUTONIUM VALUE 


Extensive, but not exhaustive, studies of the eco- 
nomics of plutonium recycle have been made by Esch- 


bach.”’-“* The figure of merit in his work is pluto- 
nium value, which is defined as the price of plutonium 
which yields identical fuel cost for plutonium -fueled 
systems and for enriched-uranium-fueled systems 
when each fuel is employed under conditions giving 
minimum fuel-cycle costs. Plutonium value is a 
meaningful index in that, when it is compared with 
the price of plutonium, one can decide whether it is 
advantageous to sell plutonium or to recycle it. 
Fschbach has computed plutonium values for three 
successive recyclings for five types of reactors with 
batch irradiation’? and for four types of reactors with 
graded irradiation.’ The results of these studies are 
given in Tables 4 and 5. 


The tables show that the value of plutonium is be- 
tween $9 to $13 per fissile gram. The value of plu- 
tonium declines as its exposure increases because 
of the buildup of “Pu, which is a parasitic absorber. 
Recovery and use of plutonium with this range of 
values have an associated worth in the cost of power 
generation of 0.3 to 0.5 mill/kw-hr. These com- 
putations were made with a set of linked codes, 
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MELEAGER CHAIN. Because these calculations were 
of the nature of an extensive survey, the neutronic 
burnup model (MELEAGER) was highly approximate. 
The physics of each reactor is described in a few 
lumped parameters such as the slowing power of the 
moderator per unit fuel volume and the nonfuel- 
absorption cross section per fuel volume. 


COMPUTER CODES 


For less extensive fuel-cycle studies, computer 
codes with more accurate neutronic descriptions are 
available. The CYCLE“ code alternately solves the 
long-term one-group equations for isotopic change 
and the one-dimensional, multigroup, multiregion 
neutron-diffusion-theory equations. The revised 
ALTHEA“ code uses four-group one-dimensional 
diffusion theory with burnup-dependent disadvantage 
factors for neutronics calculations. It can be cali- 
brated with burnup data from irradiation experi- 
ments, and, because of its high speed, it is well 
suited for survey work. The data-synthesis tech- 
niques of Duane*’ can facilitate the utilization of 
burnup data obtained from irradiation experiments. 
The TURBO**® code uses few-group two-dimensional 
neutron-diffusion theory in combination with a point- 
wise burnup calculation for the determination of 
reactivity -lifetime relations. 


Void Distribution. In boiling-water reactors the 
void distribution is strongly space dependent, and 
computer programs should include hydrodynamic 
effects to predict burnup in this type accurately. Two 
codes designed for calculation of burnup in boiling- 
water reactors that include hydrodynamic effects are 
the BOLERO*® and the FLARE” codes. The BOLERO 
uses two-group two-dimensional (R-—Z geometry) 
neutron-diffusion theory, whereas FLARE is a one- 
group nodal three-dimensional code that explicitly 
positions control rods such as to maintain a multi- 
plication constant of unity. 


Fuel Considerations. More sophisticated methods 
of three-dimensional flux synthesis for burnup codes 
are being developed by Wachspress”! at Knolls Atomic 
Power Laboratory (KAPL) and by Kaplan” at Bettis 
Atomic Power Laboratory. In most studies of pluto- 
nium recycle in thermal reactors, the fuel under con- 
sideration is a uniform mixture of PuO, and natural 
or depleted UO,. This type of fuel is quite similar to 
the enriched-UO, fuels currently in use, except that 
239Dpu and “!Pu are the principal fissile nuclides 
instead of *°U. Although the use of PuO,—UO, fuel 
is generally compatible with the design of existing 
water-moderated power reactors, it might be ad- 
vantageous to reduce the volume ratio of fuel to 
water,” partly because of the large thermal cross 
section of ?°Pu. The degree of compatibility can be 
improved also by reducing the effective cross sec- 
tion of **Pu rather than by changing the lattice. 


Merrill™’® has investigated heterogeneous -zoned fuel 


rod in which resonance self-shielding is used to re- 
duce the effective cross sections and the ratio of 
capture-to-fission of the isotopes of plutonium. 

Other novel plutonium fueling methods involving 
the use of cross-progeny fuels have been studied*® 
at Battelle—Northwest. Battelle’s study and one con- 
ducted in India” agree that plutonia—thoria appears 
to be an attractive fuel for use in D,O-moderated 
reactors, but not in water-moderated reactors. From 
Battelle’s study, it can be inferred that plutonium or 
3317 enrichment is more attractive when used with 
natural uranium than when used with thorium. How- 
ever, a recycle system based on 23317 _ natural - 
uranium fueled, H,O-moderated reactors and pencil 
plutonia—thoria fueled, D,O-moderated reactors de- 
serves investigation. The ”°U discharged from the 
D,O reactor could supply the =y required by the 
H,O-moderated reactor, which in turn could supply 
the plutonium required by the D,O reactor. Since 
both these types of reactors have high conversion 
ratios, it is possible that only natural uranium would 
be required to sustain their working in combination. 

Finally, plutonium alone could possibly be used as 
a fuel for special-purpose thermal reactors. Calcu- 
lations predict that reactors fueled with plutonium, 
with certain isotopic compositions, should exhibit 
negligible variation in reactivity with burnup for 
several years. 
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Hydrogen Embrittlement: 





A Reactor 


Safety Problem? 


By A. David Rossin 


Several cases of cracking or erosion of reactor 
pressure-vessel claddings' have raised the question — 
can hydrogen embrittlement compromise the safety of 
power reactor systems? Reactor vessels are gen- 
erally made of carbon steel—tough, ductile, and 
strong. They are clad inside with stainless steel to 
prevent corrosion (to maintain system purity), and 
this cladding also keeps reactor water, a potential 
hydrogen source, away from the vessel. 

Hydrogen embrittlement (ambient-temperature, de- 
layed, brittle failure induced by hydrogen and stress) 
occurs in ultrahigh-strength steels but has not gen- 
erally been observed in typical reactor pressure- 
vessel steels (A-212B and A-302B) that have lower 
tensile strengths in the range of 70,000 to 120,000 psi. 
Prolonged neutron irradiation raises the strengths of 
these steels but also raises their brittle —ductile 
transition temperature. A time-integrated flux (flu- 
ence) of 5 x 10'° fast neutrons/cm? can raise yield 
strength 30 to 50% and the nil-ductility temperature 
(NDT) by more than 100°C. Such an exposure would 
make vessel steel brittle in an impact test at room 
temperature. 

But hydrogen embrittlement can cause catastrophic 
failure in high-strength steels at less than half the 
yield stress. Could these irradiated vessel steels be- 
come susceptible to hydrogen embrittlement after 
cladding failures? If so, a serious reactor safety 
question would indeed exist. 

There is strong experimental evidence that, with 
normal design practice, the stress fields that are 
necessary for hydrogen embrittlement and cata- 
strophic delayed failure will not be encountered. This 
review discusses hydrogen embrittlement, the param - 
eters that contribute to it, and the experimental 
evidence available. Experiments on irradiated and 
hydrogenated A-212B carbon steel are described. 
Based on these results and the current state of the 
art, some thoughts are presented on the potential be- 
havior of other vessel materials. Concluding remarks 
point to steps that might clarify the situation. 


What Is Hydrogen Embrittlement? 


Hydrogen embrittlement has been referred to by 
many more proper and more descriptive names.’~* 
“Delayed failure,” for example, signifies that a time 
period precedes failure, and during that time a piece 
of metal performs perfectly. “Sustained load failure” 
and “stress cracking” imply stressing arrangements 
in which a constant load is applied, rather than that 
used in a tensile test where the loadis continually in- 
creased, Even terms such as “slow strain-rate test- 
ing” and “static fatigue” have been used to reflect 
experimental setups like creep or stress-rupture 
machines. Perhaps “hydrogen-induced, catastrophic, 
delayed, brittle failure’ is the most precise termi- 
nology. 

Actually, the term hydrogen embrittlement also 
refers to blistering and cracking of steel parts as a 
result of hydrogen trapped during the making, melt- 
ing, or welding of steel. (If proper heat-treatment is 
neglected, blistering or cracking can follow.) Hot 
hydrogen under pressure can enter and diffuse through 
steel. Cracking has been observed to follow in high- 
pressure process plant piping. At high temperatures 
hydrogen combines with carbon in the steel to form 
tiny pockets of methane gas. Resultant internal pres- 
sures can cause cracking. However, these phenomena 
should be considered separately from the ambient- 
temperature, delayed-failure behavior discussed in 
this article. 


DELAYED FAILURE 


The importance of hydrogen embrittlement and de- 
layed failure to industry and its attractiveness to 
metals researchers stem from the delayed aspect. 
Parts that pass inspection perfectly develop cracks 
after installation. Aircraft landing gear made from 
ultrahigh-strength steel suddenly collapsed after per- 
forming for a long time.’ A test specimen, charged 
with hydrogen, shows little difference from a control 
specimen in a standard tensile test but fails com- 
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pletely under a sustained load ofhalfits yield strength 
after several hours. 

Pickling and electroplating cause most industrial 
hydrogen-induced delayed failures. Satisfactory pro- 
cedures have now been developed but often the lack of 
awareness of potential hydrogen embrittlement leads 
to danger. When metal parts are cleaned by pickling, 
i.e., dipping in sulfuric or hydrochloric acid, some of 
the hydrogen released in surface reactions enters the 
metal. Electroplating releases hydrogen at the cath- 
ode, and some enters the steel. Plating may add an 
effective barrier to the outgassing of hydrogen. This 
is precisely why failures of cadmium-plated, high- 
strength steel landing gears occurred months after 
they were fabricated. Cadmium plating prevented dis- 
solved hydrogen from escaping from the metal sur- 
face. 


KEY FACTORS 

The key factors involved in hydrogen-induced, de- 
layed, brittle fracture are: 

e high-strength steel 

e the internal presence of hydrogen 

ea temperature somewhere near the range of 
terrestrial weather 

e stress 


These factors combine in a complex manner. The 
differences between materials and the extreme diffi- 
culty in measuring accurately the amount of hydrogen 
in a piece of metal result in profuse literature on 
hydrogen embrittlement and yet an incomplete under- 
standing of the entire mechanism. 


THE MECHANISM OF HYDROGEN EMBRITTLEMENT 


Results of various investigations suggest the fol- 
lowing mechanism: 

e The region under the root of a notch, crack, or 
corner has an intense multiaxial stress field; the 
lattice itself is strained elastically in multiaxial ten- 
sion. Preferential diffusion of hydrogen, which dif- 
fuses readily in steel at room temperature, increases 
as the hydrogen concentration in the region where the 
interatomic spaces are largest. A critical combina- 
tion of hydrogen and stress initiates a crack. 

e As the crack intensifies the stress concentration 
ahead of its tip, hydrogen builds up at a new location 
in the metal. The crack propagates and the process 
repeats until the stress on the remaining cross sec- 
tion of metal exceeds the fracture stress; then the 
metal fails. 

How the hydrogen interacts with the lattice to initi- 
ate a crack is still questionable. An interstitial hydro- 
gen atom should push neighboring iron atoms farther 
apart and reduce the interatomic forces holding them 
together. When some critical concentration of hydro- 
gen is reached, depending on the stresses in the lo- 
cality, a crack is initiated. 


Hydrogen atoms can also diffuse to the surfaces of 
internal microcracks and then form H, gas molecules. 
Since the chemical equilibrium is far toward the 
molecular side, pockets of gas can form and exert 
internal pressure on the metal surrounding the micro- 
void. Pressure buildup can cause the surface of the 
metal to blister. In a highly stressed region, it can 
contribute to the stress field responsible for delayed 
failure. Both the pressure mechanism and the effect 
of interstitial hydrogen may contribute substantially 
to delayed failure. 


Testing for Hydrogen Embrittlement 


Measurement of the relative susceptibility of vari- 
ous materials to hydrogen embrittlement requires an 
experiment under controlled and (let us hope) re- 
producible conditions. In the usual method a small 
test specimen is charged with hydrogen and subjected 
to a constant load. The time to failure is measured. 
An average hydrogen content of 1 ppm by weight is 
sufficient to cause catastrophic failure. Since many 
practical applications involve service at room tem- 
perature, most studies are done without temperature 
control (except when the effect of temperature is being 
investigated). Because the fracture usually gets its 
start at a crack or flaw, a notch of controlled sharp- 
ness is often employed to make test conditions more 
reproducible. Many of the parameters involved in hy- 
drogen embrittlement are not easy to measure. The 
investigator is forced to settle for reproducibility and 
to hope that conclusions can be drawn that will be 
useful in design or material selection. 


TESTS OF PRECHARGED SPECIMENS 

Specimens are usually charged electrolytically 
in acid solution before testing. Most of the testing 
at Case Institute of Technology has been done in 
deadweight-loaded, lever-type, stress-rupture ma- 
chines with such precharged specimens. 

A reproducible hydrogen content can be obtained by 
controlling current, charging time, and composition of 
electrolyte, provided the condition of the metal sur- 
face is always the same. Plating with a layer of cad- 
mium after charging helps to keep the hydrogenin the 
steel so that the time between charging and testing is 
not a critical variable. Actually, outgassing at room 
temperature from unplated specimens is substantial 
enough to complicate the analysis of time-to-rupture 
results. In fact, if failure does not take place within 
the first few hours, outgassing makes the hydrogen 
content insufficient, and the specimen appears im- 
mune to delayed failure. 

With precharged specimens the time to fracture is 
determined as a function of deadweight load when 
other parameters such as hydrogen-charging condi- 
tions, aging time and temperature, plating, material, 
notch geometry, and test temperature are varied. 
Figure 1 shows a typical curve for a high-strength 
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steel.® For any set of conditions, there is a lower 


critical stress (LCS) below which the specimen will 
not fail within the prescribed time period (usually 
=100 hr). The LCS can then be compared with the 
notch tensile strength (NTS), as determined by pulling 
the specimen in an ordinary tensile test, to obtain a 
figure of merit for the material or condition. 
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Fig. 1 The steps to failure in a typical hydrogenated high- 
strength steel. Specimens of high-strength steel, all pre- 
charged to the same internal concentration of hydrogen, 
show a dependence of time to failure on the applied stress 
level. Under stress the hydrogen concentration in a speci- 
men builds up locally near the root of a notch- by preferen- 
tial diffusion. Acrack begins when a critical combination of 
stress and hydrogen concentration is achieved, The cross 
sections show three tests at equal stress levels which were 
stopped at different times before failure and then broken to 
show progressive hydrogen embrittlement.§ 


The incubation period, the time required for pref- 
erential diffusion to build a critical hydrogen concen- 
tration in the stressed specimen, can be measured 
with equipment that detects the first instance of 
cracking. Usually this initial crack is small, but a 
new (and more intense) peak stress situation is set 
up near its root, and another step in the crack fol- 
lows quickly. The process is repeated (sometimes a 
sequence of clicks is clearly audible) until the cross 
section is reduced to the point where the breaking 


stress is reached, and the specimen fractures. In Fig. 


1 the change in fracture surface is apparent between 
the outer section, broken because of criticalhydrogen 
concentration, and the inner section, where fractur- 
ing was caused by stress alone. 


CONTINUOUS-CHARGE TESTS 

A somewhat different testing technique is being 
used at Battelle Memorial Institute.’ Specimens un- 
der constant load are charged continuously. The time 
to failure increases for a given load when smaller 
charging currents are used. However, the critical 
stress below which no failure is observed is gener- 
ally independent of the current, and yet it will not be 
the same as that found with precharging. The critical 
stress for the precharged sample will depend on the 
total amount of hydrogen charged initially and on sub- 
sequent outgassing. 


EXPERIMENTAL PARAMETERS 

The results observed in experiments on hydrogen- 
induced, delayed, brittle failure are subject to the in- 
teraction of several parameters. In combination they 
determine how great a local concentration of hydro- 
gen can be built up by preferential diffusion and how 
much time is involved. Ultimately, failure occurs —at 
a critical combination of stress and hydrogen concen- 
tration. Hence, at constant load, the time to failure 
depends on the rate of diffusion and preferential 
buildup. All other parameters influence this buildup 
rate. 


Hydrogen Content. Initial hydrogen content deter- 
mines the amount of preferential diffusion required to 
reach a critical level at some location. If the overall 
concentration is high enough, the specimen may fail 
on loading or will show reduced strengthina standard 
tensile test. However, there is no dependence on the 
manner in which hydrogen is inserted. Instead of 
cathodic charging, specimens can be heated in high- 
pressure hydrogen. Since the solubility of hydrogen in 
iron increases with temperature, substantial quanti- 
ties can be absorbed. Quenching lowers the diffusion 
rate, and thus hydrogen is retained if specimens are 
chilled quickly. 

Heating increases the diffusion and outgassing 
rates. Taking a set of specimens that had been 
charged identically and heating each specimen for a 
different period of time (to get a range of hydrogen 
concentrations), Johnson, Morlet, and Troiano® showed 
the effect in stressed specimens of different initial 
hydrogen content; they also confirmed that the species 
responsible for delayed failure was indeed the diffu- 
sible hydrogen. Figure 2 shows their results and in- 
dicates that baking at 150°C for a day or more yields 
almost complete recovery of uncharged properties.® 
Variations in delayed-failure behavior have also been 
obtained by different combinations of the charging 
time and current,’ which proves that with more hy- 
drogen available less time is needed for diffusion. 


Temperature. At low temperatures the diffusion 
rate of hydrogen in steel is so slow that critical con- 
centrations are never built up. Tests at liquid- 
nitrogen temperature show no evidence of delayed 
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Fig. 2 Identically charged sharp-notch specimens baked at 
150°C show variation of incubation period with applied stress 
and hydrogen concentrations resulting from different baking 
times.’ 


failure in charged 4340 high-strength steel. If these 
specimens are then returned to room temperature 
and put under sustained load, delayed failures are 
observed. 

Steigerwald, Schaller, and Troiano!’ measured the 
incubation time for crack initiation as a function of 
temperature between —92 and 150°F. Attempts to test 
at higher temperatures become limited by the out- 
gassing rate. Using an Arrhenius plot, they obtained 
an activation energy of 9210 cal/mole for the diffu- 
sion of hydrogen. 

Load or Initial Stress. The effect of stress is 
practically linear. The magnitude of the loadina con- 
trolled test determines the intensity of the stress 
field and thus provides the driving force for preferen- 
tial diffusion. When the stress is below the LCS, the 
driving force is not sufficient to build up a critical 
concentration against the homogenizing tendency from 
thermal diffusion. 


Notch Geometry. Delayed failure takes place in 
unnotched specimens. The presence of a notch lo- 
calizes the region of the peak stress field. A para- 
metric study® indicates that the sharper the notch, the 
more intense the stress field under its root, and the 
shorter the time to failure (Fig. 3). Obviously the 
quantitative application of such data to a design is 
difficult because of the complex stress fields at flaws 
and sharp corners. However, the stress raiser 
clearly promotes conditions leading to failure. Figure 
4 shows a shaped tensile specimen of high-strength 
steel charged with hydrogen. This specimen failed 
catastrophically at the sharp fillet under the head 
rather than at the minimum cross section. 


Strength Level of the Material. Delayed failure by 
hydrogen embrittlement was first encountered in high- 
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Fig. 3 Delayed-failure curves for specimens of different 
notch sharpness indicate that the sharper the notch, the 
more intense the strength field under its root, and the 
8 


shorter the time for failure. 





Fig. 4 Shaped 4340 unirradiated specimen, charged with 
hydrogen, failed at the sharp fillet under the head—not at 
the minimum cross section—in tensile test. 


strength steels with martensitic structures. For 
practical purposes it has not been a problem in 
austenitic stainless steel or in nickel alloys, and thus 
the following discussion applies only to steels whose 
basic lattice structure is body-centered cubic or 
tetragonal. 
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Much experimental work has been done on 4340, a 
very good high-strength steel with many aircraft ap- 
plications. For experimental purposes it is excellent 
because, after quenching, it can be tempered to give 
strength levels from 180,000 to 300,000 psi, with its 
microstructure predominately tempered martensite in 
all cases. Thus strength level can be variedas an ex- 
perimental parameter without introducing additional 
materials. Over this entire range of strengths, de- 
layed failures can be obtained experimentally at ini- 
tial stresses down to one-third of the uncharged notch 
tensile strength. 


Tough, ductile steels with much lower tensile 
strengths behave in an entirely different manner. 
When heavily charged with hydrogen, the NTS is re- 
duced, but sustained load tests do not show failures 
at lower loads. The LCS seems to lie somewhat be- 
low the charged NTS, perhaps at 85 or 90%, but not 
near 30% as for high-strength steel. 


Plastic Flow. To explain the behavior of lower 
strength steels, consider the fact that preferential 
diffusion requires intense elastic strain in the lattice. 
Before the stress field is high enough to produce suf- 
ficient strain, these steels will flow plastically. Be- 
cause plastic deformation takes up some ofthe stress, 
insufficient elastic strain remains to provide a driv- 
ing force for preferential diffusion. When we consider 
the molecular pressure in a microvoid, or even the 
behavior of lattice atoms and hydrogen interstitials, 
we can imagine local yielding by dislocation motion 
to relax stresses. 

In high-strength steels the stress necessary to 
move dislocations is much higher, and thus it is pos- 
sible for high loads to set up strain fields without 
yielding. However, it may seem paradoxical that hy- 
drogenated high-strength steels fail under loads that 
cause no delayed failure in similarly charged low- 
steels. If local plastic flow is not the answer, it could 
be found in differences in the uptake of hydrogen dur- 
ing charging or in differences in the stress state re- 
sulting from the shape of the notch rootand the trans- 
verse characteristics of the different materials. 


Stress-Corrosion Cracking. Similarities and dif- 
ferences between stress corrosion and hydrogen em- 
brittlement have been explored.‘ Although both occur 
in high-strength steel, cause failures at extremely 
low stresses, and leave similar fracture surfaces, 
two distinct mechanisms are responsible. Neverthe- 
less, hydrogen may play the leading role in each. 


A stress-corrosion crack propagates partially by 
stress-induced corrosion at the crack tip. Austenitic 
Stainless steels are susceptible; anodic conditions 
promote the electrochemical processes. Corrosion 
plays no apparent part in hydrogen embrittlement, 
other than to provide some nascent hydrogen at the 
surface. Cathodic protection reduces cracking, and 
austenitics resist hydrogen-stress cracking. 


Embrittlement in Irradiated Steel 


Because pressure vessels of nuclear reactors get 
irradiated, and neutron irradiation raises the strength 
of the steel, it is logical to ask if the strengthened 
steel might become susceptible to hydrogen embrittle - 
ment. Perhaps the fact that the nil-ductility tempera - 
ture is raised well above room temperature (making 
the steel brittle in an impact test) also influences 
susceptibility. In addition, the impinging neutrons 
create vast numbers of point defects and clusters of 
vacancies that might influence the diffusion or accu- 
mulation of hydrogen. 

On theoretical grounds alone, the importance of 
these factors can be argued. An experimental ap- 
proach seems in order. The only tests already re- 
ported on irradiated and hydrogenated steel are those 
of Broomfield at Harwell'! and Rossin, Blewitt, and 
Troiano at Argonne.!?’'® 


STRENGTH TESTS 

Broomfield studied a 1% Cr—0.5% Mo steel and in- 
troduced hydrogen by soaking the specimens in hy- 
drogen at 1750 psi and 250°C to give about 1.2 ppm 
by weight. The original room-temperature yield 
strength was 36,900 psi. Tests were run from room 
temperature up to 250°C. A fast-neutron fluence of 
~1 to 1.4 x 10'® neutrons/cm? [effective fission spec- 
trum based on a mean fission cross section for “Ni 
(n,p) *®Co of 107 barns] raised the yield stress of the 
steel 60% and the NTS 26%. Under these conditions 
hydrogen had no appreciable effect on the ultimate 
tensile strength of the irradiated steel over the full 
temperature range. The percent elongation, however, 
was reduced by hydrogen, by irradiation, and even 
further by the combination,'’ as shown in Fig. 5. 
Tests for delayed failure at loads near the yield 
strength produced no failures. 

Our test material was A-212B carbon steel, a 
typical boiler steel with yield strength of 42,700 psi 
(Ref. 12). All testing was done at room temperature. 
Cathodic charging was used, and two conditions were 
employed. The first produced a concentration of about 
1 ppm in the specimen and was chosen to reproduce 
conditions used at Case Institute of Technology.“ A 
higher charging condition forced about 7 ppm hydro- 
gen into the metal. These concentrations were mea- 
sured by vacuum extraction. 

Several specimens were irradiated in the CP-5 re- 
actor to fast-neutrons fluences between 2.6 and 3.3 x 
10'° fission neutrons/cm’, The differences in fluence 
were a result of the flux profile inthe reactor. Figure 
6 shows the increase in the NTS as a result of irra- 
diation to be between 22 and 36%. With the use of this 
line, all the data could be correlated with the NTS of 
uncharged specimens. 

The lower charging condition (to ~1 ppm) caused 
drops of a few percent in the tensile strength (TS) and 
the NTS, with almost identical behavior in both irra- 
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Fig. 6 Increase in the NTS of A-212B steel resulting from 
irradiation is between 22 and 36%. Unirradiated NTS was 
104,000 psi (Ref. 12). 


diated and control material. The higher charging con- 
dition (~7 ppm) must be near the attainable satura- 
tion concentration of hydrogen for these specimens. 
The TS and NTS were reduced ~14%. Once again the 
behavior of the irradiated material could not be dif- 
ferentiated from that of the controls. Delayed failures 
were observed only at stresses >80% of the NTS of 
the uncharged steel, as shown in Fig. 7. 


TEST RESULTS 
Results of the two reported investigations show that 
these two steels, even when strengthened and em- 


brittled by neutron irradiation, respond to hydrogen 
just as they do without irradiation. However, in these 
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Fig. 7 Highly charged A-212B steel exhibited no delayed 


failure at stresses <80% of the NTS of the uncharged steel. 


two studies the yield strengths of the irradiated mate- 
rials (in a standard tensile test) did not exceed 60,000 
and 70,000 psi. 

The microstructure of these steels is pearlitic, 
whereas most steels susceptible to catastrophic hy- 
drogen embrittlement are tempered martensite or 
bainite and have greater strength. Cain and Troiano” 
also tested a pearlitic 4620 steel heavily charged with 
hydrogen and found an LCS of 70% of the NTS. From 
these limited data it is clear that the LCS for de- 
layed failure in pearlitic steels with yield strengths 
below 70,000 psi, charged with several parts per 
million of hydrogen, is above 70 or 80% of the NTS. 
The method used to obtain a particular strength level 
in this range (whether irradiation or heat-treatment) 
is not significant. 

Notch tensile strength is not really adesign param- 
eter, and so actual values of the LCS bear no relation 
to allowable design stresses. The important fact is 
that these steels, irradiated or not, do not show 
catastrophic embrittlement, that is, failures at 30 or 
40% of the NTS. With normal design practice, yield- 
stress limitations, and safety factors, the stress 
fields that lead to catastrophic delayed failure should 
not be encountered in the application of these steels. 

In a boiler, vessel, or pipe carrying pressurizedor 
boiling water, there are three possible sources of 
nascent hydrogen that could reach the metal walls; * 
(1) dissociation of hydrogen present in the water at 
the steel—water interface, (2) corrosion reactions, 
and (3) radiolytic decomposition of the water (ina re- 
actor vessel). In cases of interest here, the corrosion 
reactions dominate. In these reactions several elec- 
trochemical equilibria and dissociation reactions are 
involved. The rate-controlling step seems to be dis- 
sociation,®’" since molecular hydrogen neither enters 
the metal nor diffuses. Even in the high-pressure 
technique, absorption is proportional to the square 
root of pressure, which implies the necessity fora 
binary dissociation. Although calculation of all the 
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equilibria involved is impossible, the fact that dis- 
sociation is the slowest step in the process makes 
this calculation worth attempting. 


CALCULATIONS OF HYDROGEN CONCENTRATION 


Because dissociation takes place at the interface 
between a liquid and a metal wall, the condition of the 
metal surface plays a significant role in the dissocia- 
tion rate. Inhibitors and chemical catalysts in the 
water also affect dissociation rates. These complex 
factors cannot easily be taken into account in the cal- 
culations. Barton” set up the equilibrium equations 
and Tafel parameters to calculate dissociation rates 
in highly acidic or highly alkaline solutions. 

Harries and Broomfield’® performed calculations of 
all the processes already discussed; they showed that 
almost all the hydrogen comes from the corrosion 
reaction. A corrosion rate is first stipulated based on 
experimental evidence. Then the hydrogen generated 
per unit surface area follows from the chemical- 
reaction equation. For a lower limit all the hydrogen 
thus formed is assumed to dissolve in the water. The 
resulting increase in partial pressure is negligible. 
However, if all the hydrogen is assumed to enter the 
metal, a conservative upper limit is obtained. At 
equilibrium the rate of escape from the outside of the 
vessel will equal the rate of absorption at the inner 
wall. With these assumptions hydrogen concentration 
and equivalent hydrogen pressure are calculated for 
various vessel thicknesses and temperatures. For 
example, about 1 ppm hydrogen is calculated for a 
17-cm-thick vessel at 280°C. In general, these limit- 
ing calculations yield hydrogen concentrations lower 
than those which would cause embrittlement in any 
but the ultrahigh-strength steels. 

After cladding breaks were discovered in the 
Yankee plant, Westinghouse engineers analyzed the 
possible sources and concentrations of hydrogen that 
might be found in the system.'® Two cases were con- 
sidered: hot operation and cold shutdown. In these 
analyses hydrogen is not assumed to enter the 
stainless-steel cladding; however, an effective area 
of exposed base metal is assumed, and allowances 
are made for cracks and for possible water seepage 
between the cladding and the vessel wall. Because of 
rapid diffusion at elevated temperatures, the equilib- 
rium concentration due to hydrogen from corrosion 
reactions is greater during cold shutdown periods. 
However, it takes months to equilibrate; so even the 
2 ppm predicted for shutdown equilibrium should 
never be approached. During hot operation the pre- 
dicted equilibrium concentration in the vessel is only 
0.32 ppm. With this procedure the hydrogen content in 
the Experimental Boiling Water Reactor (EBWR) 
vessel would be even less. Cracks were observed in 
the stainless-steel inner cladding of the EBWR vessel, 
but they exposed little of the A-212B steel wall.!-'® 

Neither of these analytical treatments predicts hy- 
drogen concentrations that cause alarm in pressure- 


vessel steels. One part per million can be cata-— 
strophic in steel with 200,000-psi yield strength, but, 
even after irradiation embrittlement, the strengths of 
vessel steels are far less. In addition, although one 
may still question individual steps in the analyses, 
they purport to be quite conservative. 


MEASUREMENT OF HYDROGEN CONTENT 


“Before the mid-1930’s there was no reliable way 
to measure the hydrogen content of a piece of steel.””” 
“One of the reasons why good theoretical work is so 
difficult is the lack of accurate measuring techniques 
for determination of the true amounts of hydrogen 
sorbed by a given piece of steel during a given 
processing operation.” Unfortunately these state- 
ments still indicate the state of affairs from a prac- 
tical viewpoint. Techniques exist today for making 
these measurements, but hydrogen determinations are 
tricky; the better ones require expensive equipment 
and skilled operators. Some experiments can be done 
quite adequately without quantitative knowledge of hy- 
drogen content, but others have filled the literature 
with contradictory data and paradoxes. (Hydrogen 
concentrations are reported in many units; Table 1 
simplifies comparisons.’) 


Table 1 MULTIPLIERS FOR CONVERSION OF DIFFERENT UNITS 
OF HYDROGEN CONTENT IN IRON? 





Given units 


Atomic . 
Cm? Hy 





Desired concen- Rel. 7 
units tration vol.* Wt.% 100g Fe Ppm 

Atomic 

concen- 

tration 1 0.000632 0.554 0.0000498 0.0000554 
Rel. vol. 1,580 1 877 0.0788 0.0877 
Wt.% 1.805 0.00114 1 0.0000899 0.0001 
Cm? Hy ; “— 

100 g Fe 20,080 12.69 11,100 1 1.11 

Ppm 18,050 11.4 10,000 0.899 1 





*Rel. vol. is relative volume, hydrogen to metal. 


Early Methods. Vacuum extraction methods were 
the first used, and, in principle, they should work. 
The tin-fusion method is much more exact, but it is 
more expensive in time and equipment. Vacuum ex- 
traction at temperatures well below the melting point 
should measure all the diffusible hydrogen (the mon- 
atomic hydrogen). But those atoms which have formed 
molecules and are trapped as gas in voids are only 
measurable by a method such as tin fusion, in which 
the specimen is entirely melted in tin and the hydro- 
gen completely drawn off. In all cases accuracy de- 
pends on a quantitative gas analysis to detect leakage 
and other gases that might be present in the sample. 
Startup losses complicate the vacuum extraction tech- 
nique.” Many of these problems arise from the mo- 
bility of hydrogen at room temperature. Unless speci- 
mens are plated or refrigerated, hydrogen outgasses 
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readily, and thus the time between experiment and 
analysis becomes an experimental variable. This 
very diffusion process makes it practically impossi- 
ble to measure hydrogen concentration at the location 
of incipient failure —the spot that has the critical hy- 
drogen concentration —and it is this critical concen- 
tration in combination with a complex stress field 
which initiates cracking. 


Tritium. The use of tritium has occurred to in- 
vestigators as a possible method of attacking the 
analysis problem. The few data on the relative diffu- 
sion of hydrogen isotopes® suggest that there may be 
some differences in diffusion behavior. Unfortunately 
the beta ray from tritium is so weak that it is ab- 
sorbed in a few microns of steel and thus cannot be 
useful in exploring the distribution of tritium atoms 
in a solid specimen. 


Safety of Reactor Vessels 


From a hydrogen-embrittlement standpoint, safe 
reactor-vessel design would be assured if there were 
no locations where a critically high multiaxial stress 
field could develop or if there were no way to build a 
critical hydrogen concentration. 

Stress concentration has already been discussed. 
The stress state must be high and multiaxial to 
spread the lattice. Hydrogen-stress cracking can be 
produced in smooth tensile bars under uniaxial 
stress, provided there is a constant entry of hydro- 
gen. This has been accomplished by scratching the 
cadmium plate on a smooth bar and subjecting it toa 
slightly corrosive atmosphere. Hydrogen cracking is 
also readily produced in smooth bars under bending 
stress.” The yield strength of the material must be 
high enough, and the stress state triaxial enough, to 
preclude yielding and relaxation of the stresses. Good 
design practice and the strength limitation of today’s 
typical vessel steels make such critical combinations 
extremely unlikely in reactor systems. 

The NTS is an attempt to mock up a very severe 
stress state. If an ideal triaxial tensile-stress field 
could be developed, yielding would not occur —even 
in low-strength material. However, for hydrogen em- 
brittlement there would also have to be a stress 
gradient, or no net diffusion would occur. A basic 
supposition here is that, if delayed failure cannot be 
made to occur in severe test conditions, the material 
will be safe in service conditions. 


HIGHER STRENGTH STEELS 


For steels with uniaxial yield strengths of about 
40,000 psi, the test results cited above are reassur- 
ing. No tendency toward delayed failure was observed 
even after irradiation increased the yield strength by 
almost 50%. The only differences in mechanical prop- 
erties are observed above the yield strength of the 
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Fig. 8 Stress—strain curves of notched tensile specimens 
of A-212B show that properties below the yield strength 
were not changed by hydrogenation and irradiation.! 


material. Figure 8 is a set of data for A-212B carbon 
steel from standard tensile tests in which the load 
was steadily increased. Even in heavily hydrogenated 
and irradiated material, the properties below yield 
strength are unchanged. The safety factors used in 
vessel design should keep stresses safely within this 
range. However, detailed stress anaiysis is seldom 
done because of the complex geometries; instead, 
safety depends on conservative design experience and 
codes. 

As newer and higher strength steels come into use, 
the problem of potential hydrogen embrittlement will 
become increasingly important. Until complex stress 
analyses are generally available and the critical 
local stress and hydrogen concentrations are well 
established, an interim solution might be a severe, 
standardized test to be used as a criterion of sus- 
ceptibility for a material. From this might come a 
rule-of-thumb maximum allowable yield stress for 
situations in which ample hydrogen is available to the 
steel component. This criterion would suffice until 
design demands became more stringent or a better 
criterion could be established. 


HYDROGEN-CONCENTRATION UNCERTAINTIES 


Hydrogen concentrations cannot be precisely known, 
even in experimentally controlled conditions. The 
various calculations that show the corrosion reaction 
to be the predominant source of hydrogen are, of 
necessity, highly idealized and must be based on 
equilibrium equations. We have no quantitative under- 
standing of the delicate balance that controls the frac- 
tion of released hydrogen that enters the steel rather 
than bubbling away. Even if diffusion constants are 
well known, the rate of outgassing is difficult to cal- 
culate, and the relations at the external surface are 
also questionable. 
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All that can be safely said is that at operating tem- 
peratures the rates of diffusion and outgassing are 
substantial and it is unlikely that intense local con- 
centrations of hydrogen can be built up. The driving 
force for preferential diffusion exerted by the multi- 
axial stress field is trivial when compared to the 
homogenizing effect of diffusion at temperatures not 
far above room temperature. Perhaps this is the most 
important reason to expect that, in operating reac- 
tors, hydrogen embrittlement will not be a problem. 

With the reactor shut down and cool, outgassing of 
the vessel is greatly reduced. Rates of hydrogen 
evolution are probably reduced too, but the net con- 
centration of hydrogen in the vessel could be higher 
after prolonged shutdown than during operation. How- 
ever, even a few hours at elevated temperature should 
outgas this hydrogen and eliminate the likelihood of 
hydrogen embrittlement during operation. Conse- 
quently the most likely time for vessel failure be- 
cause of hydrogen embrittlement (if it were to occur 
at all) would be during the hydrostatic test. Problems 
that might result from radiation embrittlement are 
also most likely to occur during the hydrostatic test, 
and, after all, if failure ever occurs, it the purpose 
of this test to ensure that it occurs “safely.” 


Recommendations 


e There is still a great need for a simple, inexpen- 
sive, and precise method for determining the amount 
of hydrogen in a metal sample. A method for deter- 
mining local hydrogen concentrations would be more 
difficult to invent, but is still worth research effort. 

e Better numbers are needed for parameters, such 
as the diffusion constant as a function oftemperature. 
(There is a change in the slope of this constant at 
500°F which is not understood.) Constants for bulk vs. 
surface processes are difficult to rationalize on the 
basis of published data. The surface equilibria be- 
tween H, molecules, H atoms, and dissolved H would 
be very valuable data. 

e The multiaxial stress state responsible for pref- 
erential hydrogen difusion and the critical hydrogen 
concentration for failure need to be analyzed indetail. 

e There is still room for research on the actual 
mechanism by which hydrogen causes failure of the 
material. 

e For engineering and safety evaluations, it is nec- 
essary to run tests on intermediate-strength alloys 
now being considered for reactor vessels. Some argu- 
ments could be settled by testing other vessel steels 
(stronger than A-212B) after irradiation. 

e Reasonable criteria are needed for safe reactor- 
vessel design. These could be established by com- 
mittee, after review of available data and concurrent 
with recommendations of experiments to fill in cru- 
cial gaps. These criteria should be updated period- 
ically for new materials and as we advance our un- 
derstanding of the behavior of hydrogen in steel. 
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APPLICATIONS 


Desalting with Nuclear Power: A Perspective 


By Paul F. Gast 


Although several processes for desalting seawater 
are under study and development, evaporative pro- 
cesses are the only ones now being given serious 
consideration for large-scale plants. Evaporative 
processes are also the only ones that require close 
coupling with the energy source. Other processes 
use either mechanical or electrical energy and in- 
troduce no special requirements on power-plant 
design, although they might significantly increase the 
power demand in the region in which they are built. 
Thus the nuclear plant designer’s attention is fo- 
cused on the evaporative process not only because it 
is the only one likely to find near-term application 
but also because it is the only process directly 
affecting plant design. 

For economic reasons, most attention has been 
given to the design of dual-purpose plants that pro- 
duce electric power and fresh water. Optimization 
studies on such plants usually indicate the desira- 
bility of heating the brine to be processed to the 
highest temperature permitted by evaporation-plant 
technology, currently 250°F. Thus steam extracted 
from the power-plant turbine at 260°F, 35 psia, 
provides the heat for the evaporation process. De- 
Signs usually use a backpressure turbine and chan- 
nel the total steam flow from this turbine to the 
brine heaters of the water plant. 

If the steam supply is a light-water reactor of 
current design, a water plant producing 100 million 
gal of fresh water per day would utilize the steam 
from a backpressure turbine supplied by a reactor 
of 1300-Mw(t) capacity. Exportable power, after al- 
lowance for water-plant pumping requirements, would 
be ~200 Mw(e). Higher power—water ratios have 
been obtained, for example, in the proposed plant of 
the Metropolitan Water District of Southern Cali- 
fornia, by designing for additional reactor capacity 
and by utilizing the additional steam in conventional 
condensing turbines. Other methods of varying the 
power —water ratio also have been considered. Some 
economies may result from sharing the site and 
common facilities. Scarcity of sites suitable for 
power plants may also be an important factor in 


choosing a dual-purpose plant. Technologically, we 
are on the threshold of large-scale dual-purpose 
plants. 


Studies of 10,000-Mw/(t) Dual-Purpose Plants 


Large water-supply organizations think in terms of 
millions of acre-ft per year when developing new 
sources of supply. For example, the Colorado River 
aqueduct now supplies somewhat more than 1 million 
acre-ft/year to the Metropolitan Water District of 
Southern California, and a contract has been arranged 
for delivery of 2 million acre-ft/year from the 
Feather River Project. A dual-purpose nuclear de- 
salting plant to produce 1 million acre-ft/year would 
require 13,000 Mwit) of reactor capacity and would 
produce 2000 Mw(e) of exportable power. Hence the 
AEC, through the Oak Ridge National Laboratory 
(ORNL), has sponsored conceptual design studies of 
nuclear steam-supply systems of 10,000-Mwi(t) ca- 
pacity. 


REACTORS STUDIED 


Four types of reactors having 10,000-Mw(t) steam- 
supply systems were studied: the boiling-water re- 
actor (BWR), the heavy-water-moderated organic- 
cooled reactor (HWOCR), the high-temperature 
gas-cooled reactor (HTGR), and the sodium-cooled 
fast breeder reactor (FBR). Preliminary reports on 
the studies were made at the symposium on Water 
Production Using Nuclear Energy’ held at the Uni- 
versity of Arizona in March 1966. 


The BWR. Inthe BWR study the General Electric 
Company developed conceptual designs for both 5000- 
Mw(t) and 10,000-Mwi(t) systems.' The designs are 
extrapolations of present technology in which, as 
might be expected, the pressure vessel is a dominant 
consideration. At the 5000-Mw size, the steel vessel 
could be shop-fabricated and shipped by water, 
whereas field erection would be required for a 
10,000-Mw reactor. Such vessels could be available 
in the mid or late 1970’s in the study group’s opinion. 
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HWOCR dual-purpose plant powers five 800-Mwu(e) backpressure turbines that exhaust steam at 


25 psia to brine heaters of ten 100 million gal/day multistage flash evaporators. The plant would produce 


109 gal/day and 3400 Mw(e) net.? 


Design of a prestressed-concrete vessel was also 
considered. Although different requirements, com- 
pared to the HTGR, are expected to necessitate addi- 
tional development work to produce a satisfactory 
design, this approach also appears feasible. 


The HWOCR. The Atomics International —-Com- 
bustion Engineering HWOCR design (Fig. 1) achieves 
a 10,000-Mw output by repeating a “module” of 13 
pressure tubes as many times as is required to 
obtain the desired power.’ The tubes, containing fuel 
and organic coolant, are located in a calandria tank 
that holds the heavy water. Coolant flow external to 
the reactor can be divided among several loops whose 
capacity would be decided on the basis of economics, 
component availability, and safety considerations. 
No basic limitations on total system output were 
apparent. 


The HTGR. The General Atomic design of an 
HTGR (Fig. 2) places the reactor, the helium cir- 
culators, and the steam generators within a single 
prestressed-concrete pressure shell.? Because of 


the high power density expected in advanced helium- 
cooled designs, this vessel would not be larger than 
some currently existing ones, as for example, the 
Wylfa reactor in Great Britain. 


The FBR. The Argonne National Laboratory de- 
sign of a fast breeder reactor (Fig. 3) uses an 
annular-shape core of sufficient volume to produce 
the required heat. The sodium coolant pumps and 
intermediate heat exchangers are located outside the 
essentially unpressurized reactor tank. As for the 
HWOCR, reactor size can be varied to provide any 
desired output, and no basic limitations on size are 
apparent. The design provides for a good breeding 
ratio (1.4) with a fissile-material doubling time of 
7 years. 


Other Candidates. Selection of the four types con- 
sidered in this study does not imply lack of interest 
in other types. Pressurized-water reactors are very 
much in the picture over the size range where they 
are competitive with boiling-water reactors in power 
plants; their use in dual-purpose plants has received 
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Fig. 2. HTGR concepl. The primary circuit, contained 
within a prestressed-concrete reactor vessel, sends helium 
gas coolant upward over the fuel elements; 1400°F helium 
is ducted lo steam generators and produces supercritical 
sleam al ~1000°F. Dual-purpose application replaces con- 
ventional turbine with backpressure turbine that exhausts 
sleam to brine heater.’ 


appropriate study.’:® The usefulness of the pressure- 


tube concept in large reactors has encouraged the 
NPR group (Battelle—Northwest) to study the suit- 
ability of water-cooled graphite-moderated reactors 
for dual-purpose plants.’ 


COMPARATIVE ANALYSIS 

A comparative analysis of the four designs has 
been made by the Nuclear Desalting Office and 
ORNL.® Table 1 summarizes the design features of 
the plants. Capital and operating costs were esti- 
mated on a common basis; Table 2 presents selected 
results for typical dual-purpose situations with either 
public or private financing for the power plant and 
with public financing for the water plant in both 
cases. In considering these results it is important to 
bear in mind the wide difference in the design, con- 
struction, and operating experience accumulated with 
the reactors of the various types. The fast breeder, 
for example, is not expected to see service in com- 
mercial power plants until the 1980’s, although there 
are reasonable expectations that such service will 
result in lower cost power. 
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Fig. 3 Sodium-cooled FBR, designed for 120-psi service, 
has an annular core withina stainless-steel reactor vessel. 
Surplus neutrons leak into depleted-uranium blanket.4 


The relative ranking of reactor types on the basis 
of overall economic merit in dual-purpose plants 
correlates well with a similar ranking for power- 
only plants of comparable size. This is expected be- 
cause the nuclear steam-supply systems considered 
were designed for the same prime steam conditions 
as for power-only plants, since the ultimate use of 
the steam has no significant influence on the reactor 
design beyond the creation of demand for larger 
capacity plants. 


The Power—Water Ratio 


The economic success of a dual-purpose plant 
depends on the marketability of both its products in 
the adjacent region. Considerations of such market- 


> 
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Table 1 REPRESENTATIVE DESIGN DATA FOR 10,000-Mw(t) REACTORS® 





Reactor type 








Design characteristic BWR HWOCR HTGR FBR 
Coolant Boiling H,O Organic He Na 
Fuel UO, UC (U + Th)C, (U + Pu)C 
Cladding Zr Al cermet Cc 304 stainless steel 
Moderator H,O DO Graphite None 
Active core height, ft 12 17.3 15.5 3.6 
Core diameter, ft 23 24 x 66* 65 20 ID, 25 OD 
Core volume, cu ft 5400 27,000 52,000 600 
Core inlet pressure, psia 1065 284 450 120 
Core inlet temperature, °F 525 574 720 720 
Core outlet temperature, °F 545 750 1470 1050 
Fission loading, kg 6000 5000 14,900 10,500 
Fertile loading, metric tons 310 420 179 246 
Core burnup (av.) Mwd/metric ton 30,000 18,000 69,200 110,000 
Life of fuel in core, year 2.8 2 6 2 
No. of refuelings per year 1.4 On-stream 1 2 
Reactor vessel 
Material Steel Inconel Concrete 304 stainless steel 
ID or length, ft 32.8 26 x 68* 81 40) 
OD, ft 113 
Inside height, ft 85.6 20 60 64 
Outside height, ft 116 
Cooling system 
No. of loops 8 (recirculating) 4 12 6 
Steam pressure, psig 1015 900 3500 2400 
Steam temperature, °F 545 725 1050 900 





*A parallelepiped. 


Table 2. OPERATING COSTS FOR TYPICAL 
DUAL- PURPOSE PLANTS® 





Dual-purpose 





rating Electricity cost, 5 

vig “eer Water 

Electric- Water, Bink mills /kw ahi 7 cost,* 

ity, million Public Private cents/ 

Reactor Mw(le)  gal/day financing financing 1000 gal 
BWR 1820 800 2.01 17 
2.78 18 
HWOCR 1875 750 1.66 15 
2.44 17 
HTGR 3460 600 1.53 15 
2.29 17 
FBR 2600 700 1.05 12 
1.96 15 





*Water costs are for publicly financed water plants operated 
with publicly or privately financed generating stations. 


ability are likely to indicate the desirability of a 
power—water ratio different from the “natural” one 
in which all of the steam flows through a backpressure 
turbine and then to the water plant at 260°F. As 
already indicated, this natural ratio is 2 watts/ 
(gal)(day) for light-water reactors. The power — water 
ratio influences two aspects of design: (1) design to 
provide the required ratio under normal operating 
conditions, usually base loaded; and (2) design for 
some load-following capability. 


INCREASING POWER PRODUCTION 


A number of methods are available to the designer 
for increasing the ratio above 2 watts/(gal)(day) in 
the base-loaded condition: (1) the turbine may be 
designed for lower backpressure; (2) only part of the 
steam flow may be passed through the backpressure 
turbine, the remainder being used in conventional 


condensing turbines; (3) extraction turbines can be 
used if only small amounts of water are required; 
and (4) reactors producing higher temperature steam 
may be used. For the HTGR the natural ratio rises 
to 2.8 (Ref. 3). 


INCREASING WATER PRODUCTION 


When the designer attempts to reduce the power — 
water ratio, he encounters economic penalties, basi- 
cally because of the inability of the water plant to 
utilize higher temperature heat effectively. The 
methods normally considered are wasteful in that 
they degrade the temperature of the heat without 
extracting useful work or require extra investment 
for heat pumps, etc. The most direct method con- 
sists in bypassing some of the steam through a spray 
desuperheater and then supplying it to the water plant 
together with the exhaust steam flow from the back- 
pressure turbine.’ In another approach the unsaleable 
power is used to drive a vapor compressor or a heat 
pump for desalting additional water. 

The design of plants to operate with low ratios 
under base-loaded conditions appears to have re- 
ceived little attention. It is possible to infer some- 
thing about economic penalties involved from avail- 
able information in Ref. 9, which discusses the 
modification of the ratio in a plant producing 500 
Mw(e) and 250 million gal/day with a reactor power 
of 3228 Mw(t). For this basic mode of operation, the 
power cost is estimated at 2.98 mills/kw-hr and 
the water cost at 23.8 cents/1000 gal. In one of the 
modifications, steam is bypassed through a desuper- 
heater, reducing power output to 380 Mw(e). Extra 
modules are added to the water plant to utilize the 
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additional steam; water production increases to 
350 million gal/day. If the modified plant is utilized 
full time in this way (90% capacity factor) and the 
return from power sales is held at 2.98 mills/kw-hr, 
then the water cost increases to 26.1 cents/1000 gal. 
However, if this production is achieved, the reactor 
output must be increased to 4198 Mwi(t), so the cases 
are not completely comparable in this respect. The 
penalty for decreasing the power—water ratio from 
2.0 to 1.1 is thus ~ 10% in water cost. 

A study of low-temperature light-water reactors 
designed to supply heat for a single-purpose water 
desalting plant!” indicates, somewhat surprisingly, 
that costs of water from plants of zero power-— 
water ratio may not be much higher than the above. 
If the reference values are interpolated to obtain 
steam costs for a 250 million gal/day plant and other 
costs for such a plant are used,’ a water cost of 
28 cents/1000 gal is obtained. 


FOLLOWING THE LOAD 


The question of load-following flexibility has been 
discussed; a comprehensive survey of the methods 
that might be employed and the associated costs is 
available.’ Included in these methods are the use of 
backpressure turbines that can be operated at off- 
design conditions, low-pressure condensing turbines 
to which some or all of the exhaust steam from the 
backpressure turbine can be diverted, and pumped 
storage of product water.’ Because water -supply 
systems can make use of reservoirs to level out 
demand over yearly time spans, the ability for 
production to follow water demand closely is usually 
unnecessary. However, any long-term change in the 
power—water demand ratio would require use of one 
or more of the methods considered. On a short-term 
basis, extra electric-generating capacity may be 
utilized for peaking purposes or as spinning reserve. 
Such power ordinarily commands a substantial price 
premium, so it will probably be economically fea- 
sible to build such flexibility into dual-purpose 
plants. 

Design of backpressure turbines that can operate 
over a range of exhaust pressures has been investi- 
gated by the Allis-Chalmers Mfg. Co.; such turbines 
are believed to be technically feasible.’ The extra 
turbine cost incurred would be justified in some 
cases by the premium value of peaking capacity. 


Siting Problems 


The number of sites suitable for seawater de- 
salting and electric power plants along the coasts of 
well-populated areas is already rather limited. The 
Metropolitan Water District has chosen to locate its 
proposed plant on an artificial island. The use of 
artificial islands has been explored in a more general 
way, and the feasibility of several concepts has been 


studied. These concepts were: an island caisson 
with the reactor located below sea level on a 10-acre 
artificial island (Fig. 4); a deep-water submerged 
caisson (Fig. 5); and a moored floating station 
(Fig. 6). The high cost of seashore land and the 
scarcity of industrial sites along the coast make 
these concepts economically feasible. There are also 
potential safety advantages from both the standpoint 
of isolation distance and the possibility of locating 
the reactor well below sea level. The economic ad- 
vantage increases if suitable on-shore sites are 
farther from load centers, as is frequently likely to 
be the case. 


ENVIRONMENTAL EFFECTS 


Consideration must be given to the effects of the 
discharged brine on the marine ecology of the area 
as well as to the possible nuclear effects on the 
environment.'* The brine discharged from the evap- 
orator plant has a salt concentration about twice that 
of seawater. It also may have been altered chemi- 
cally io prevent scale formation ir the heaters (e.¢g., 
by the replacement of carbonate by sulfate) and by 
the pickup of corrosion products. The temperature 
of the discharged brine is usually ~ 25°F above that 
of the local sea. A quantity of condenser cooling 
water can be mixed with the brine to reduce its 
salinity, but this water will not appreciably alter the 
effluent temperature. Specific gravity of the final 
discharge stream will depend on the opposite effects 
of increased salinity and increased temperature. 

In plants with high power—water ratios, the dis- 
charge stream will float on the sea until it loses its 
identity through mixing. Less desirable is the reverse 
situation, in which the sea-bottom life may be af- 
fected adversely by the warm brine. Detailed knowl - 
edge of indigenous marine life, which can vary greatly 
within a few miles or even from one side to the 
other of a point of land or island, should be care- 
fully considered. These factors should enter into the 
design thinking as well as into site selection at an 
early stage and may be important in plant layout." 


CONTAINMENT DESIGN 

An interesting observation has been made by the 
ORNL group with respect to containment.’® The large 
volumes, both of water and of vapor space, in an 
evaporator plant might be designed for use as 
pressure-suppression chambers. According to cal- 
culations, use of the low-pressure evaporator stages 
in this way could result in pressures less than 
atmospheric even from the maximum credible ac- 
cident. 


Agricultural Water 


Substantial increases in the world food supply 
would result if arid regions could be brought under 
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Fig. 4 Concept of a dual-purpose nuclear power and desalting plant on a 10-acre artificial island.'3 
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Fig. 5 Deep-water-caisson concept is preferred only for 
deeper water application where island is impractical." 
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Fig. 6 Concept of moored floating stalion.43 


cultivation through irrigation; such increases will be 
urgently needed. Hammond'® has indicated that nu- 
clear desalting of water for such irrigation purposes 
at suitably low cost is a goal just tantalizingly at the 
end of our technological reach. 

If we take into account the more efficient use of 
distilled water as compared to river water, allow for 
savings from large plant size (1 million acre-ft/ 
year), and postulate some possible improvements in 
evaporator-plant design and operation, then water 
can be produced for economical use on high-cost 
crops if the heat cost for steam used by the water 
plant is about 10 cents/million Btu. Water becomes 
economical for irrigation of grain crops when heat 
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cost is reduced to 3 cents/million Btu. Now it turns 
out that the cost of 260°F steam delivered from the 
backpressure turbines of any of the plants listed in 
Table 2 is estimated to be less than the 10 cents 
limit. The highest is 8.5 cents for the BWR, with 
private financing of the steam-supply system; the 
lowest is 2.4 cents for the FBR with public financing. 
However, most arid regions of the world near the 
sea and newly opened to agriculture are unlikely to 
have electric-power demands matching the output of 
such plants. Even so, all hope need not be abandoned; 
the estimated prime-steam cost from the FBR with 
public financing is only 7.1 cents, which indicates an 
ability to supply steam in the desired price range 
even in a low power -—water ratio plant. 

It is also possible that some power could be used 
economically in the production of ammonia and 
phosphatic fertilizer (if we presume some reasonable 
process improvements"). Low-cost power eventually 
also might attract other chemical and metallurgical 
industries that use large amounts of power: these 
include chlorine and caustic production and the pro- 
duction of metals, such as iron, steel, aluminum, 
ferroalloys, and magnesium. "® 
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Multipurpose Nuclear Reactor Systems 
for the Process and Metallurgical Industries 


By John F. Marchaterre 


In terms of long-range applications of energy, con- 
tinuous attention should be given to the use of nu- 
clear energy in the process and metallurgical in- 
dustries. Although a large fraction of projected 
energy consumption in the future will be nonelectri- 
cal, almost no progress has been made toward 
satisfying these demands with nuclear sources. 

In general, there are three ways* of supplying 
energy from nuclear sources to the process and 
metallurgical industries. One way is to use a reac- 
tor to produce process heat for a specific application, 
another is to use electrical energy to carry out the 
process, and a third is to combine process require- 
ments and reactor functions and have a multipurpose 
reactor that produces both electricity and process 
heat. Reactors for desalting seawater exemplify one 
use of a multipurpose reactor. 


On-Site vs. Off-Site Power Generation 


Over the past 20 or 30 years there has been a 
trend away from on-site generation of power in the 
process industries. This has been because utilities 
are limited by law in the return they can make on 
their investment, whereas process companies are 
not. Process companies expect a return on invest- 
ment at least three times as great as that allowed 
utilities, and so they prefer to invest in process 
equipment rather than power equipment. Another fac- 
tor that has made the use of process heat from reac- 
tor systems unattractive has been the small power 
requirement at any one process plant and the conse- 
quent high energy cost. For these reasons, most 
studies of the utilization of process heat from reac- 
tors concluded that it would not be attractive. 

However, there is now a small but growing interest 
in the possibilities of using reactors to provide pro- 
cess energy for the chemical and metallurgical in- 


*In addition to the possible direct use of fission-fragment 
energy,! which is beyond the scope of this article. 


dustries. Three reasons encourage this trend: (1) the 
increasingly evident cost advantage of nuclear power, 
particularly in large units, (2) the growing size of 
chemical complexes raises the possibility of installing 
larger power stations that might make on-site gen- 
eration of power an attractive possibility, and (3) the 
interest in using power from large reactors that also 
distill seawater. The possibility of large low-cost 
blocks of power available from a nuclear desalting 
plant has led to studies of the production of a variety 
of products in a multipurpose nuclear reactor com- 
plex. 


Effects of Abundant Low-Cost Power 


The basic ideas of a multipurpose reactor complex 
have been outlined?’ Initial emphasis is on the pro- 
duction of hydrogen and the three major fertilizer 
types containing nitrogen, phosphorus, and potas- 
sium2-> The purpose of the studies has been to eval- 
uate the effects of the availability of large blocks 
[~5000 Mw(e)]| of low-cost power (1.6 mills/kw-hr) 
potentially achievable from a nuclear desalting plant 
or other large reactor. 


Needed: Larger Users of Power 


Although projected power and water costs from 
such large desalting plants are very attractive, find- 
ing consumers for large blocks of power such as 
these could be a difficult problem. Table 1, which 
shows the peak power loads of four large power-use 
areas in November 1965, gives an idea of present 
energy demands. Thus emphasis has been placed on 
finding ways in which large blocks of low-cost power 
could be used advantageously. The growth of electro- 
chemical industries in areas of low-cost hydroelec- 
tric power provides precedent that such consumers 
can be found. In the studies, emphasis has been 
placed on present and future market potential, on 
relative power requirements, and on the effect of low 
power costs on the market price of chemicals. 
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Table 1 PEAK POWER LOADS! IN FOUR AREAS 
IN NOVEMBER 1965 
Peak load, 
Area Mw (e) 
Southeast New York State, 
including New York City 
and Long Island 6640 
Bonneville Power Administration 
Pacific Northwest region 4100 
Los Angeles, Calif., 
Department of Water and Power 2157 
Commonwealth Edison Company 
system, including Chicago 5751 











Basic Industries Most Promising 


In general, only the very-high-production-rate basic 
industries can be considered as potential users of 
large power blocks. Such considerations led to the in- 
dustry order-of-preference list in Table 2 for inclu- 
sion in a power-desalting reactor complex. Table 3 
shows the amount of some of these products that 
could be produced with 1000 Mw(e) power and com- 
pares this with 1960 and 1980 production inthe United 
States and the world. 

Fertilizer intermediates and products lead the 
list; these are followed by the basic metals. Figure 1 
shows a typical flow sheet of the type of overall com- 
plex that could be considered for fertilizer inter- 
mediates and products. This type of complex appears 


and (4) the amount of by-products for which uses 
must be found is limited. 

The use of cheap power, large production rates, 
and a highly integrated complex should achieve sig- 
nificant reductions in production costs for existing 
processes and for processes that could be developed 
specifically for use in such a complex. The produc- 
tion of nitrogenous fertilizers at a desalting complex 
such as this assumes the synthesis of ammonia from 
electrolytic hydrogen, which consumes large quanti- 
ties of power. 


INDUSTRIES PREFERRED FOR A NUCLEAR 
DESALTING COMPLEX‘ 


Table 2 





1. Ammonia fertilizer via electrolytic 
hydrogen 

. Nitric acid via electrolytic hydrogen 

3. Ammonium nitrate fertilizer via elec- 
trolytic hydrogen 

4. Chlorine and caustic via electrolysis 

5. Nitrovhosphate fertilizer via electrolytic 
hydrogen and electric-furnace phosphorus 

6. Phosphorus via electric furnace 

7. Iron-ore reduction with electric furnace | 


te 


Fertilizer 
intermediates 
and products 


8. Steel via electric furnace 

9. Iron-ore reduction with electrolytic 
hydrogen 

10. Aluminum via electrolysis 

11, Ferromanganese via electric furnace 

12. Magnesium from seawater 

13. Triple superphosphate fertilizer from 
electric-furnace phosphorus 

14, Calcium carbide via electric furnace 

15. Acetylene and ethylene via arc process 

16. Copper via electrolysis 

17. Potassium extracted from seawater 


Metals 


Intermediates 
for organics 








attractive because (1) large blocks of power can be 18. Salt from concentrated seawater Seawater 
used, (2) essentially inexhaustible raw materials are 19, Bromine from seawater products 
3 : . ; is 20. Oxygen via distillation of air 
available, (3) the market is essentially inexhaustible, : 
Table 3 ANNUAL PRODUCTION FROM PLANTS CONSUMING 1000 Mw(e) COMPARED WITH U. S. AND 
WORLD USAGE OF THE SAME PRODUCTS? 
Plant United States World 


capacity for 








1000-Mw (e) power 


Percent of 1980 Percent of 1980 





consumption, * Percent of 1960 consumption, Percent of 1960 consumption, 
Process 10° tons/year consumption estimated consumption estimated 

Potassium extracted from seawater 0.23T 9.9 4.8 2.4 0.8 
Iron-ore reduction with electric 

furnace or electrolytic hydrogen 3.4 4.9 3.1 1.2 0.8 
Nitrogenous fertilizers via 

electrolytic hydrogen 0.69 23 3.4 5.9 3 
Steel via electric furnace 12 1 7.8 3.9 2.3 
Phosphate fertilizers via electric 

furnace 1.33 48 18 12 4.8 
Aluminum via electrolysis 0.46 23 10 11 5 
Salt from concentrated seawater 15.1f 60.4 24.2 16.1 6.5 
Ferroalloys via electric furnace 1.4 66 39 20 11 
Chlorine via electrolysis 2.8 61 23 34 13 
Caustic (chlorine by-product) 3.2 64 24 35 13 
Phosphorus via electric furnace 0.64 131 58 43 16 
Nitric acid via electrolytic 

hydrogen 2.9 88 33 45 17 
Acetylene from hydrocarbons via 

are process 0.90 99 38 45 19 
Oxygen via distillation of air 20 >100 58 76 23 
Bromine from seawater 0.0427 50 33 37 25 
Copper via electrolysis 4.0 >100 >100 98.8 50 

0.787 >100 >100 >100 >100 


Magnesium from seawater 





*Or the brine output from a 400 million gal/day desalting plant. 
+Based on desalting-plant seawater throughput. 
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SEAWATER DISTILLATION 
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Fig. 1 
ates and products.® 


Ammonia Production 


The costs of ammonia production from electrolytic 
hydrogen have been studied®.®; Table 4 gives exam- 
ples.® The examples in Table 4 assume the use of re- 
cent advanced electrolytic cells that have been tested 
on a laboratory scale at Oak Ridge National Labora- 


Table 4 


NG seis 
Potassium { acid . 
dipicrylamine me Potassium nitrate 
‘* Magnesium 
| . ammonium 
phosphate 
(potassium) 


Flow sheel for multipurpose power —desalting reactor complex for producing fertilizer intermedi- 


tory. Included in Table 4 are natural-gas prices re- 
quired to manufacture ammonia at the same cost ina 
re-forming plant. 


These studies indicate that an ammonia fertilizer 
plant can be an economical consumer of large 
amounts of nuclear electric power. Other studies 


EXAMPLES OF AMMONIA PRODUCTION COSTS® 








Ammonia via electrolysis 


Ammonia via re-forming 





Ammonia Competitive Ammonia 

Ammonia-plant Return on Electric- Electrolytic- production natural-gas production 
capacity, investment, power cost, oxygen credit, cost, cost, cost, 

tons NH,/day /year mills/kw-hr $/ton O, $/ton NH cents/10° Btu $/ton NH, 
3000 15* 1.6 0 27.60 44 27.60 
3000 4t 1.6 0 20.00 41 20.00 
3000 15* 1.6 4 22.00 29 22.00 
3000 4t 1.6 2 17.20 33 17.20 
3000 4t 0.8f 2 13.40 21 13.40 
300 4t 2.5 0 34.80 67 34.80 
300 4t 2.5 2 32.00 59 32.00 
300 4t 3.0 0 39.00 80 39.00 





*After income tax. tAssuming no income tax. 
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have carried the idea of the multipurpose reactor one 
step further. For example, the production of ammonia 
by the use of high-temperature process heat for re- 
forming methane from natural gas has been investi- 
gated,’ as has the use of high-temperature process 
heat as part of a multipurpose-reactor system.® In 
the latter scheme the basic idea was to provide a 
separate high-temperature loop through the reactor 
for the high-temperature process heat. Figure 2 
shows this type of system schematically. 
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( process heat 
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Fig. 2. Power reactor that has a separate loop for produc - 
ing high-temperature process heat.6 


High-Temperature Loop 


In this system the reactor can be considered to be 
of a conventional type with a separate high-tempera- 
ture section, cooled by an inert gas which provides 
that fraction of the heat that is required at high tem- 


perature. The low-temperature process heat required 
can be supplied by steam extracted from the turbine. 
The preliminary survey indicates several possible 
complexes that could use such a reactor system: (1) 
alumina and aluminum production, (2) cement pro- 
duction as part of a larger complex, and (3) calcining 
and sintering ores such as taconite. 

Most attractive uses of high-temperature process 
heat would necessitate the development of large heat 
exchangers capable of heating air to 2200 to 2700°F. 
Such heat exchangers are not available, and teir 
development would be a formidable task. 
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DESIGN AND CONSTRUCTION PRACTICE 





Electrical Penetrations 


of Reactor Containment Buildings 


By Fred Verber 


Thousands of electrical conductors must pass through 
the walls of reactor containment buildings.! Because 
gastight containment is provided to prevent release 
of radioactive products from the reactor building 
even if an unlikely operational abnormality should 
breach the walls of the reactor vessel and piping or 
key equipment, all penetrations must be essentially 
leaktight at the pressures and temperatures of pos- 
tulated maximum credible accidents.’ Design pres- 
sures for containment buildings vary with the site, 
reactor, and other conditions; for instance, in the 
11 examples in this article, the pressures range 
from as little as 5 psig for BONUS to 186 psig for 
the N.S. Savannah. 

Even well-designed and soundly constructed build- 
ing containment vessels do leak a finite amount, 
although sufficiently slight to be regarded as safe 
and practical. Thus, regardless of design pressure, 
total leakage rates must be low—usually 0.1 to 1% of 
the total air contained at design pressure per day3-§ 
Diverse requirements have led to many different 
penetration designs, an evolutionary process still 
in progress. 

Currently, the most fundamental trend is toward 
double seals; this approach creates pressure cham- 
bers between seals and thus facilitates continuous 
monitoring and leak testing. Another trend is to use 
as few penetrations as possible and to include many 
conductors in each penetration assembly. For ex- 
ample, a present Dresden 2 design effort aims to 
reduce the number of penetration assemblies from 
37 to <30. 

Historically, the gastight penetration of contain- 
merit vessels with electrical conductors has been a 
difficult design problem. This article gathers the 
essential features and workings of electrical penetra- 
tions of 11 representative nuclear power plants — 
from the Experimental Boiling Water Reactor (EBWR), 
a pioneer of present systems, to San Onofre and 
Dresden 2—and considers sources of leakage, rem- 


edies, and basic sealing principles. Existing penetra- 
tion designs are described, as are some leak-rate 
test practices. The article concludes with a list of 
recommendations for electrical-penetration-system 
design. 

This article does not discuss the other important 
types of sealed containment penetrations that provide 
for coolant pipelines, personnel access, equipment 
and material transfer, instrument compressed-air 
lines, and building heating and ventilation. 


Nature of Electrical Penetrations 


Although every electrical penetration of a con- 
tainment building must limit air leakage from the 
building, each conductor must also satisfy certain 
current, insulation, and dielectric requirements. In 
the choice of a penetration design, such factors as 
the number of penetrations required, conductor size, 
space limitations, design temperature and pressure, 
maintenance, testing, and cost must be considered. 
An effective way to limit both cost and leakage of 
penetrations is to locate only the necessary equip- 
ment within the containment building. 


SOURCES OF LEAKAGE 


Unless adequate precautions are taken in the de- 
sign, fabrication, and installation of penetrations, 
leakage can occur through one or more of the follow- 
ing paths: 

¢ Between the strands of a conductor 

* Between the conductor and its insulation 

* Between the interfaces of insulation, jackets, 
shields, or sheaths 

¢ Through voids in insulation, jacketing, packing, 
potting, or filler material 

¢ Through gasketed joints 

¢ Through pinholes in welded members of the 
penetration assembly 
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The remedies, of course, include low-leakage cable 
materials and appropriately designed seals around 
the penetrations through the containment wall. 


LOW-LEAKAGE CABLE MATERIALS 

Leakage can be eliminated between the strands of 
a conductor by the use of solid conductors. On the 
other hand, if stranded cable is used, the strands at 
both ends can be sealed with solder or other ma- 
terials to minimize cable leakage. Multiple -conductor 
cables of special manufacture, in which the spaces 
or gaps that normally exist between conductors have 
been filled with sealing compounds, also can be used 
to minimize cable leakage. 

Insulating materials that bond tightly with the 
conductors should be used in the cable manufacturing 
process and for the termination of cables. Thermo- 
setting materials are preferred because they better 
resist flow under conditions of high temperature and 
high pressure. The use of a nonporous solid elasto- 
meric insulation material will minimize leakage 
through the insulation. Leakage between conductor 
strands and also between conductors and insulation 
may be reduced or eliminated by installing a potted 
seal around a termination of the cable either inside 
or outside the penetration assembly. 


SEAL-DESIGN PRINCIPLES 

Methods used to prevent leakage through electrical 
penetrations are: (1) compression of a resilient pack- 
ing material in the spaces to be sealed, (2) burial 
of cables or conductors in suitable potting or sealing 
compounds, and (3) insertion and compression of 
gaskets or O-rings at appropriate points of a pene- 
tration assembly. Principles of these three basic 
methods of sealing electrical penetrations are sum- 
marized in Fig. 1. 
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Each sealing method has, of course, many rami- 
fications. For example, there are commercially 
available connectors in which through-type conductor 
pins are embedded in a pressurized resilient in- 
sulating insert that is bonded to the connector hous- 
ing. Commonly referred to as “environmental,” this 
connector leaks <1 cu in./hr under an air pressure 
of 30 psig. A counterpart of this line is the so-called 
“hermetically sealed” connector in which vitreous 
insulators are fused to through-type conductor pins 
and to the connector housing; this connector pre- 
vents leakage through itself in excess of 10~* cu ft/hr 
at a pressure differential of 1 atm. 


TESTING FOR LEAKAGE 

After installation in the containment shell, all 
electrical penetration systems must be leak-rate 
tested to prove that they do not exceed maximum 
allowable leakage rates at the specified design pres- 
sures. Periodic leak-rate testing of the penetrations 
must also be performed during reactor shutdowns 
to locate and repair any excessive leakage that may 
have developed. 

Testing of the electrical penetration system must 
be performed with care and thoroughness after the 
penetrations are installed in the building containment 
vessel and before initial reactor criticality. Where 
design of the penetrations permits, preliminary tests 
should be performed prior to installation in the 
containment vessel. Penetration assemblies that are 
prefabricated, as in Fig. 2 for example, are readily 
tested in the shop for any desired severity of test 
conditions. Although shop testing is useful, field 
testing is required to prove the leaktight quality of 
the installed assemblies.® 

Some designs permit leak-rate testing of the pene- 
trations only when the entire building containment 
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Fig. 1 Three methods for sealing electrical penetrations of reactor containment buildings. In packed 
seals a resilient material such as neoprene or rubber is compressed between the outer surface of the 
cable and the inner surface of the surrounding tube. Potted seals consist of poured layers of sealing ma- 


terials such as silicone compounds and epoxy resins. Gasketed seals involve materials compy 


tween parts of the penetration assembly. 


essed be- 
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vessel is pressurized; examples are seen in Figs. 3 
and 4. Other designs include separate test chambers 
that permit leak-rate tests of the penetration without 
pressurizing the entire containment vessel (Figs. 5 
and 6). When double-sealed penetrations with test 
chambers are provided, their leaktight integrity can 
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Fig. 2 Double-sealed packed penetration used at Fermi.'” 
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fig. 3 EBWR uses many potted penetrations for continu- 
ous cable runs.3 
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Fig. 4 U-tube potted penetration at Peach Bottom.*! 


be monitored continuously by permanently connecting 
the test chambers and a flowmeter, together with a 
pressure switch, to a test manifold. Then pres- 
surized air or inert gas can be admitted to the sys- 
tem of penetrations so that the flowmeter or a 
pressure switch will indicate or alarm if excessive 
leakage occurs. 


Penetration Systems 


The penetration schemes described here are for 
the plants listed in Table 1 and reflect the preferred 
solutions available to design engineers when selec- 
tions were made. However, as a result of innova- 
tions, difficulties during fabrication and installation, 
or as a result of performance and maintenance ex- 
periences, some of the installations would probably 
be done differently today. The evolutionary process 
has certainly produced many functional designs during 
the past decade. Fortunately the design engineer can 
investigate a large variety of electrical penetrations 
that have been in service for several years and can 
adapt one or more of the designs to the needs of 
his plant. 
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Fig. 5 Double-flanged chamber assembly for EBR-II.4 
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Fig. 6 Hermetically sealed pressure connectors mounted 
(gasketed) to steel terminal plates are installed to form 
pressure chambers at LACBWR.*5 
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Table 1 REPRESENTATIVE REACTOR CONTAINMENT BUILDINGS 
Containment 
Plant Initial design 
capacity, criticality pressure, 
Reactor Mw(e) net (year) psig 
Experimental Boiling Water Reactor (EBW R),397 
Argonne, III. 4.6 1956 15 
Dresden Nuclear Power Station®® Unit 1, 
Morris, Ill. 200 1959 29.5 
Experimental Breeder Reactor II (EBR-II),!*5 
NRTS, Idaho 16.5 1961 24 
N.S. Savannah 
American Export Isbrandtsen Lines®!! 69 Mw(t) 1961 186 
Enrico Fermi Atomic Power Plant, !2+18 
Lagoona Beach, Mich. 60.9 1963 32 
Boiling Nuclear Superheat Reactor (BONUS),'4 
Punta Higuera, P. R. 16.5 1964 5 
Peach Bottom Atomic Power Station,®?! 
Peach Bottom, Pa. 40 1965 8 
La Crosse Boiling Water Reactor (LACBWR),!5 
Genoa, Wis. 52.4 1965 52 
Fast Reactor Test Facility (FARET)!@ 
(design only) 50 Mwi(t) 30 
San Onofre Nuclear Generating Station!’ Unit 1, 
San Clemente, Calif. 375 1967 46.4 
Dresden Nuclear Power Station! Unit 2, 
Morris, Ill. 715 1969 62 
EXPERIMENTAL BOILING-WATER REACTOR Containment-vessel wall 
; a 
The EBWR is the forerunner of the present era of — 
boiling-water-reactor nuclear power plants. A steel 
containment building, designed for an internal pres- Sa 
sure of 15 psig, is the ee for the reactor 5/8-in. Wicarta disk 
system and turbine generator.” The electrical pene- a 
trations of the building, shown in Figs. 3, 7, and 8, 
were potted or gasketed. When the reactor was mod- i. 
ified for 100-Mw(t) operation, additional packed pene- 
trations were installed (Fig. 9). Amphenol plug (1 of 24) 
Potted Continuous Cables. Auxiliary power, con- 
trol, and instrumentation cables are brought through ! 
the containment-vessel wall in groups of ~ 50 in steel Steel and rubber washer 
troughs welded to the vessel. The cables in the and locknut 
troughs are potted with (1) a thick layer of Chico-A, 
Fig. 8 Gasketed connectors mounted on micarta panels 
gasketed to the EBWR_ containment introduce coaxial 
_ Containment-vessel cables.2 
4 Ties wall exterior 
1 ae . 
Se 
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Fig. 7 Potted generator-cable (4160 voll) leads penetrate Fig. 9 Packed cable seals in 2-in. sleeves have been added 


the EBWR containment through individual sleeves.’ 


to the EBWR. Each sleeve can be leak tested. 
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a hard-setting sealing compound (Crouse -Hinds Com- 
pany), (2) a layer of Novoid-A, a soft-setting sealing 
compound (G. & W. Electric Specialty Co.), and (3) a 
top layer of epoxy resin, a nonporous sealing com- 
pound. In the original installation the cables leaving 
both ends of the troughs were nearly horizontal; 
later the outside end of each trough was built up with 
sheet metal, and the cables were rearranged to a 
vertical position (Figs. 3 and 10). 





Fig. 10 Outside end of cable troughs (lower left) and 
coaxial-cable connector disks (right) on EBWR. 


During the later potting operation, the cables were 
kept separated from each other by a network of 
wooden dowels to ensure penetration of the sealing 
materials to be poured. (Space must be provided for 
flow, troweling, etc.) The built-up portion of the tray 
then was potted in layers as described above, except 
that a layer of silica sand was applied over the 
Novoid-A to prevent the formation of voids under 
the final thick layer of epoxy resin after it cooled. 
Also, some sand was mixed with the epoxy to reduce 
shrinkage and thus to improve bonding with the cable. 

Where conductors were Size #6 and smaller, solid 
wires were specified (to eliminate leakage that 
might occur through stranded conductors). The strands 
of larger conductors are sealed with solder.’ Gen- 
erally cable ends were wrapped with insulating tape 
and dipped in a rubber sealing cement to minimize 
leakage between the cable insulation and conductor 
and between the insulation and jacket. When the 
cables were originally laid in the trays (before the 
trays were filled and the cables terminated), each 
cable was qualitatively pressure tested by applying 
air at 30 psi on one endofthe cable while the opposite 
end was kept submerged in a pail of water. 


Potted Conduit Fitting. Three-stranded, single- 
conductor, 4160-volt generator leads enter the vessel 
through individual welded sleeves (Fig. 7). Each 


sleeve is filled with an insulating sealing compound; 
a potted seal of epoxy resin is installed on the out- 
side end of each sleeve. Solder seals the strands of 
the conductor at both ends of the cable; insulating 
tape and rubber cement were applied at the ends to 
minimize leakage through the cable.*.’ 


Gasketed Coaxial Connectors. Coaxial-cable pene- 
trations were made with sealed through-type, gasketed 
connectors mounted on micarta disk panels (Fig. 8); 
the panels were then gasketed and bolted over open- 
ings provided in the containment vessel, as shown 
in Fig. 10. 


Packed Penetrations. Additional electrical pene- 
trations were required when the EBWR was modified 
for 100-Mw(t) operation. Each new cable penetration 
(Fig. 9) was brought into the building through a 2-in. 
sleeve and sealed at both ends ofthe sleeve with com- 
pression-type neoprene-gasketed connectors. Each 
sleeve has a small pipe connection to permit leak- 
rate testing of the penetration without pressurizing 
the entire building. These penetrations are soap- 
bubble tested at 30 psi for about a half hour every 
few months. 


DRESDEN 1 

The Dresden 1 Nuclear Power Station is the first 
extension of boiling-water-reactor technology to a 
large commercial power plant. Its reactor and reac- 
tor auxiliaries are housed in a steel containment 
vessel designed for an internal pressure of 29.5 psig. 


Prefabricated Potted Penetrations. Figure 11 
shows the design employed to bring power, control, 
and instrumentation cables into the containment ves- 
sel. About 150 prefabricated penetration assemblies 
were installed.®.° 

The sections of Chico-A sealant in the seal pro- 
vide strength and reduce cracking and voids. Epoxy 
resin is poured over the comparatively porous Chico- 
A to provide a leaktight seal. A filler material, such 
as glass beads or sand, may be added to the epoxy 
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Fig. 11 Dresden-1 cable-seal assembly.® 
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to reduce shrinkage. Novoid-A is a soft, flexible, 
pothead compound used here to seal leakage paths 
that might result from shrinkage of the epoxy. The 
perforated disks shown in Fig. 11 keep the cables 
separated while the sealing materials are being 
poured. 


Leak-Rate Testing. The electrical penetrations are 
tested with Freon as part of the integrated leak-rate 
test of the entire containment vessel (last performed 
in 1965). After atest chamber is formed (around the 
inside end of a penetration) from a wire cage, plastic 
sheet, and tape, Freon is admitted to the chamber 
and a sniffer is used to check the outer end of the 
penetration for Freon. This test is performed while 
the containment sphere is at 20 psig. No leakage has 
been detected.° 


EBR-II 

Containment for the Experimental Breeder Reac- 
tor II (EBR-II), designed at about the same time as 
Dresden 1, is also a steel vessel that houses the 
reactor and its auxiliaries. Design pressure for this 
vessel is 24 psig. 


Pressure-Test Chambers. A basic design feature 
of the EBR-II electrical penetration system is the 
use of pressure-test chambers, 34 of which are 
welded into the building containment vessel. Elec- 
trical circuits are brought into the building through 
leaktight pressure connectors mounted (in groups 
of 1 to 24) on terminal plates; the plates are gasketed 
and bolted to the outside flange of the test chamber 
(Fig. 12). This design permits pressurization of the 
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Fig. 12 The EBR-II containment vessel incorporates 
34 pressure-test chambers for groups of connectors.’ 


test chamber and leak-rate testing of the electrical 
penetrations before and after the chambers are in- 
stalled in the containment vessel.!.> Figure 13 shows 
the arrangement of several penetration assemblies 
viewed from outside the containment. Inside, the 
penetrations are protected from mechanical and 
thermal injury by insulated steel cabinets. 





Fig. 13 Penetration assemblies viewed from outside EBR- 
II containment vessel. 


Bulkhead-Type Pressure Connectors. With the ex- 
ception of a few heavy power circuits, all power, 
control, and instrumentation circuits penetrate the 
EBR-II containment vessel through commercially 
available bulkhead-type fixed receptacles with pres- 
surized resilient inserts and solid, through conduc- 
tors. The receptacles (Fig. 14) are equipped with 
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Fig. 14 Bulkhead-type fixed receptacle of the type used in 
EBR-II. 
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socket-and-pin cable shells with screw-on coupling 
nuts that simplify cable disconnection for circuit 
check-out, repair, or for leak-rate testing of the 
assembly. Figure 15 shows a typical bulkhead-type 
coaxial connector mounted on a section of a terminal 


plate. 
=— 5/8 — 
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wall exterior ' 
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Fig. 15 Typical coaxial connector used at EBR-II.4» 


Leak-Rate Testing. A group of connectors in a 
pressure chamber (Fig. 12) can be tested by removal 
of the fiber ring (used for protection of cables against 
mechanical injury) along with the cables inside the 
chamber; then a blind flange is bolted over the open 
end. Tests are performed with the chamber pres- 
surized to at least design pressure (24 psig). Pres- 
sure and temperature are measured at the beginning 
and end of a test. Originally, the duration of a leak- 
rate test was 24 hr, but experience has shown that 
equally valid results are obtained from 4-hr tests. 
Because of the small volume of the test chamber, a 
relatively small amount of leakage causes a pro- 
nounced reduction in the pressure of the test volume. 

Leak-rate test data for EBR-II are corrected to 
32°F and 36.2 psia (design pressure plus 12.2, the 
atmospheric pressure at EBR-II in Idaho) with the 
equation!° 


Vo (Paps,) 491.7 
ouse 1, 


¢ = 


where V, = actual pressurized test volume in cubic 
feet 
. = corrected test volume in cubic feet 
P,,;. = absolute pressure of test volume in pounds 
per square inch, absolute 
T, = test-volume temperature in degrees Ran- 
kine 


= 
aN 
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Table 2 shows the results of leak-rate tests of three 
electrical penetrations. 


Double-Flanged Assemblies. Operating experience 
has shown that certain penetrations serving critical 
circuits cannot be disconnected for the duration of a 
leak-rate test without considerable preparatory work 
and curtailment of reactor operating time. An ex- 
ample of such a critical circuit in the EBR-II is the 
instrument—thimble cooling system; disconnection 
would necessitate cooling the bulk sodium (~ 90,000 
gal) in the primary tank to prevent damage to the 
instruments. Thus there is an incentive to use 
double-flanged assemblies, which provide double 
seals at penetrations and permit continuous moni- 
toring and leak-rate testing at any time, without 
disconnecting the cables involved. At present, six 
double -flanged penetration assemblies are in service, 
and two additional ones are being fabricated. 

The doubie-flanged assembly, Fig. 5, is made by 
adding a second flange—-a terminal plate—to the 
single-flanged assembly of Fig. 12. A second set of 
pressure connectors is mounted on the indoor end 
of the existing pressure chamber. Hermetically sealed 
bulkhead-type receptacles are used for the second 
flange because of their very low leakage. 


MI-Cable Pentrations. Penetration assemblies 
that use solid, single-conductor, magnesium oxide- 
insulated (MI) cables were designed to serve the 
480-volt, 3-phase large power-load requirements. 
Each assembly consists of six short lengths of MI 
cable, the copper tubes of which are silver soldered 


Table 2 LEAK RATES THROUGH TYPICAL EBR-II 
ELECTRICAL PENETRATIONS" 





Leak rate, 


Penetration assembly cu ft/24 hr 





One connector consisting of 

six MI 500MCM¥* cables 0.013 
One pressure connector for 

three #1/0 wires and three 

#12 wires 0.008 
One 37-wire #16 pressure connector 0.011 





*Magnesium oxide-insulated conductors of 500,000 
circular mils cross section. 


to a terminal plate (Fig. 16). The terminal plate is 
gasketed and bolted to a flange of the chamber. The 
enlarged view of the end of an MI cable in Fig. 16 
illustrates the method used to seal the annulus be- 
tween the solid-copper conductor (500MCM) and the 
copper jacket; the magnesium oxide insulation is 
reamed out to a depth of 0.5 in. at both ends of the 
cable, and the spaces thus created are filled with 
epoxy resin. A typical leak rate for this type of 
penetration assembly is given in Table 2. 


Maintenance. During the past several years, one 
pressure connector (Fig. 14) was replaced because 
a short circuit developed; two other penetrations, 
each consisting of brass studs secured in threaded 
fiber panels, were replaced with conventional bulk- 
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Fig. 16 Epoxy-sealed, magnesium oxide -insulated (‘MI’) 
cables are used atEBR-II for large 480-volt,3-phase power 
circuits 15 


head-type pressure connectors when excessive leak- 
age was observed. 


N.S. SAVANNAH 


The containment vessel of the N.S. Savannah, the 
world’s first nuclear-powered, cargo—passenger ship, 
is designed for a pressure of 186 psi. Leak-rate 
testing at pressures up to 60 psi showed the most 
significant leakage to be through the electrical pene- 
trations.®.1! 

Figure 17 shows the basic design details of two 
types of penetrations: (1) the original design in which 
O-rings seal a penetrating conductor to a section of 
insulating material and also seal the insulating ma- 
terial to the inside wall of a pipe; (2) the new design 
in which fused glass provides a hermetic seal be- 
tween the penetrating conductor and a one-piece pipe 
and center section. Both ends of the penetration are 
filled with potting compound. The original design 
permitted considerable leakage, but replacement with 
the fused-glass design, which looks very promising 
for high-pressure vessels, is eliminating this leakage. 


FERMI 

The Fermi reactor and auxiliaries are housed in 
a steel containment vessel designed for an internal 
pressure of 32 psig. The vessel is equipped with 


~517 double-sealed electrical penetrations that can 
be monitored daily for leakage. 


Packed Penetrations. Each cable enters the reac- 
tor building through two stuffing boxes (Fig. 2) sepa- 
rated by a pressure-test chamber!:”:'8 Approxi- 
mately 325 penetrations are presently in use on 
circuits of 4800 volts and lower. Application of a 
rubber-compound sealant (Weatherban, Minnesota 
Mining & Manufacturing Co.) to the neoprene packing 
rings and other parts of the penetration assembly 
contributed very significantly to the integrity of the 
penetration seals. 


Cables. Three types of cables are used in the 
penetrations: (1) gastight, multipair, thermocouple 
extension cables with polyvinylchloride insulation 
and jacket; (2) multiple-conductor cables similar to 
type 1 but with polyethylene insulation; (3) lead- 
covered cables with neoprene outer jackets. Used 
for the 4800-volt circuits, the lead-covered cables 
terminate (both ends) in potheads equipped with 
wiping-sleeve cable entrances. 


Continuous Monitoring. The test chambers of all 
penetrations are piped into a main to which a flow- 


See enlarged views below 
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Fig. 17 Fused glass has been very successfully used to 
seal the N.S. Savannah penetrations, which must withstand 
high test pressures"! 
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meter is connected. Air in the system is maintained 
at 5 psig with a pressure regulator; the flowmeter 
is read daily to check leakage from the penetration 
system. 


Leak-Rate Tests. The penetration system is tested 
at 32 psig once a month. Five recent leak-rate tests 
(March to July 1966) showed leakages of from 65 to 
81 scf/day, rates well below the internal control 
limit. Since December 1965 only one electrical pene- 
tration has required repair.'® 


BONUS 

Puerto Rico’s Boiling Nuclear Superheat Power 
Station utilizes a steel, pressure-tight containment 
building to house the reactor and its associated 
auxiliaries, the turbine generator, electrical equip- 
ment, and control, service, and sanitary facilities. 
The containment vessel!‘ was designed for aninternal 
pressure of 5 psig. Figures 18 to 20 show typical 
electrical penetration assemblies employed.®:'4 


Gasketed Penetrations. Figure 18 shows a 15-kv 
gastight, fixed-stud, porcelain insulator bushing used 
to connect (through the containment vessel) the 
13,.8-kv, 925-amp line between the generator and the 
main power transformer. This type of penetration 
is also used for 440-volt, 3-phase, 4000-amp power 
circuits, 


Pressure Connectors. Figure 19 shows a penetra- 
tion assembly used for multiple-conductor power 
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Fig. 18 Porcelain-insulator bushing penetration used at 
BONUS."4 
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Fig. 19 Multiple-conductor power-cable connector as- 
sembly used at BONUS."4 


cables of standard (not gastight) manufacture. The 
seal is maintained by pressure-tight pin-and-socket 
connectors installed on a pipe sleeve welded to the 
cover plate of the vessel opening. 
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Fig. 20 Typical packed penetration at BONUS.14 


Packed Penetrations. All other cables are multiple- 
conductor cables of gastight manufacture. These 
enter the building through conduit sleeves and are 
sealed (Fig. 20) at both ends with watertight, neo- 
prene-bushing connectors. 


PEACH BOTTOM 


The steel vessel for containment of the reactor 
and auxiliaries of the Peach Bottom Atomic Power 
station was designed to withstand an internal pres- 
sure of 8 psig. Figures 4 and 21 show two types of 
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Fig. 21 Gasketed cable penetration (pothead type) at Peach 
Bottom.*! 


penetrations used at Peach Bottom; a potted seal 
assembly for a cable splice outside the penetration 
assembly is shown in Fig. 22.8.7! 


Potted Penetrations. Figure 4 shows the design 
used for continuous cable penetration of the contain- 
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ment shell. The separated cables pass through the 
potted layers of Chico, epoxy, Novoid, and vermiculite 
at both ends of the U-tube penetration. The vermic- 
ulite (W. R. Grace & Co.), a light granular thermal- 
insulation material, was added to protect the Novoid 
(565 °F flash point) against fire. 


Conductor strands 





Solder or compression lug 


Fig. 22 Potted seal and cable splice used at Peach Bot- 
tom.” 


Potted Cable Splice. Figure 22 shows an epoxy- 
resin potted-seal assembly that contains a cable 
splice. The epoxy resin seals the space between the 
strands of the conductors as well as the ends of the 
insulated cables. 


Gasketed Penetrations. Figure 21 shows a pothead 
penetration assembly used for 3-kv cables. Note the 
location of the gaskets on the porcelain insulator 
bushing and the flange of the pothead. 


LA CROSSE 

The LACBWR and auxiliaries are housed in a steel 
containment vessel designed for an internal pres- 
sure of 52 psig. All electrical penetrations are in- 
stalled in pressure-test chambers in the containment 
vessel to permit leak-rate testing of electrical pene- 
trations at 52 psig every 4 months." 


MI-Cable Penetrations. Most of the electrical pen- 
etrations used in this plant are made with 7-conduc- 
tor MI cable. Figure 23 shows a typical multiple- 
conductor cable penetration. Sixty-six such cables 
are installed in each of four pressure chambers for 








Screw-on pot Mineral-insulated cable 
with epoxy seal Yj 
ete LE 
Conductors V7 Y . Conductors / 
Y yy BS 
Threaded gland [7 4 Threaded gland 
Y 

















WYNN UW ; Uy 
4 N Uf, comtainment-vesse! 
7, 


wall exterior 





Fig. 23 
at La Crosse. 


Typical MI multiple-conductor cable penetration 
15 


instrumentation and control circuits. External cables 
are connected to the MI cable leads at terminal blocks 
on both sides of the penetration. Larger multiple- 
conductor MI cables are similarly assembled (in 
groups of approximately eight cables) in pressure 
chambers for power circuits of 480 a-c volts, 120 a-c 
volts, and 125 d-c volts. 


5-Kyr Penetration. Figure 24 shows the penetration 
scheme used for two #4/0, 2.4-kv, 3-phase power 
circuits where the conductors pass through the pen- 
etration by means of alumina bushings welded into 
stainless-steel plates that are bolted to an opening 
in the containment-vessel wall to form a pressure 
chamber. The penetration has a voltage rating of 
5-kv. 
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Fig. 24 Power-cable (5 kv) penetration at La Crosse. 


Hermetic Connectors. Multiple-conductor, her- 
metically sealed pressure connectors are mounted 
and gasketed to steel terminal plates and installed 
on pressure chambers, as indicated in Fig. 6. These 
are used for thermocouple leads, coaxial cables, and 
certain instrumentation circuits. The cables may be 
disconnected at either end of the penetration. 


FARET 


The containment and shielding structure for the 
Fast Reactor Test Facility (FARET) design included 
a box-shaped reinforced-concrete cell over the re- 
actor and its working area. The cell design called 
for an all-welded, steel liner and an internal design 
pressure of 30 psig. Most of the penetration’® de- 
signs (Figs. 25 to 27) were arranged for independent 
leak-rate testing at 30 psig and for continuous leak- 
age monitoring at 5 psig. 


Gasketed Penetrations. All the gasketed, cell-wall 
penetrations were to be double sealed. Figure 25 
illustrates a straight-through penetration using steel 
shield plugs in a two-step cylindrical liner for bio- 
logical shielding. O-rings seal at two main points in 
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Fig. 25 Gasketed straight-through penetration designed for 
FARET.® 


the assembly: (1) on the inner seal plate at the mid- 
point of the wall and (2) on the bulkhead cable con- 
nectors on the service housing. 

Similar penetrations are shown in Fig. 26; these 
use curved pipes which go through and are shielded 
by concrete in the cell wall to eliminate the need for 
shield plugs. In these penetrations two sets of O-ring 
seals are located in the service box. 
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Electrical 
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Inner seal 
plate. 
























Service box 


Fig. 26 Some FARET penetrations are curved and elimi- 
nate the need for shield plugs (containment wall serves as 
part of shield) .4 


The stationary part of the bulkhead cable connector 
is equipped with a pressurized resilient insert. 
Threaded glands with neoprene bushings seal the 
cables to the inner seal plates, Cable terminations 
on the connector shells inside the service housing 
are sealed with a silicone-rubber compound to prevent 
leakage through the cable. The cables may be dis- 
connected both inside and outside the service housing. 


MI-Cable Penetrations. Figure 27 shows an MI- 
cable penetration design, used for in-cell lighting, 
in which the cables are permanently buried in the 
cell wall. 


Test Provisions. The design provided for continu- 
ous leakage monitoring and leak-rate testing of 
FARET penetrations. The pressure-test chamber 
consists of the confined space inside the service 
housing; for straight-through penetrations it extends 
to the inner seal plate of the penetration at the center 
of the cell wall. 





Containment Plo) 
interior liner — Bs 





Termination seal fe 

















Fig. 27 MI-cable penetration designed for FARET in-cell 
lighting cables.46 


Continuous Monitoring. In the FARET design a 
selected group of test chambers is connected by a 
common header and filled with argon at 5 psig. A 
pressure switch and a flowmeter, permanently con- 
nected to the header, would detect and measure loss 
of argon from the system; the pressure switch would 
actuate audible and visual alarms upon detection of 
leakage in the system. To locate a leak, the workers 
would promptly close the valves in each of the argon 
lines to the service housings, and then each penetra- 
tion would be checked individually (by opening its 
valve). 

Leak-Rate Testing. The FARET design called for 
periodic leak-rate tests of electrical penetrations 
after an initial series of leak-rate tests of the entire 
containment cell at pressures from 2 to 30 psig. For 
the periodic leak-rate tests, the argon pressure in 
the penetrations would have been increased to 30 psig 
and the amount of leakage over a period of several 
hours observed with a flowmeter. 


SAN ONOFRE 

The steel containment sphere for the San Onofre 
Nuclear Generating Station (Unit 1) is designed for 
an internal pressure of 46.4 psig. The vessel houses 
the reactor, steam generator, and various auxiliaries. 
Power, instrumentation, and control cables (for op- 
peration of the reactor and auxiliaries) are brought 
into the containment vessel through 30 penetration 
assemblies." 

Figures 28 and 29 show the basic design features 
of two types of penetrations being used. The as- 
semblies consist of cylindrical steel shells or can- 
isters welded to nozzles that penetrate the contain- 
ment sphere. Each canister is provided with a port 
to permit pressurization and leak-rate testing. 

Flat end plates (Fig. 28) are either welded to the 
canister or are sealed to it with silicone O-ring 
gaskets and secured by pins and retaining rings. 
Electrical conductors penetrate the endplates through 
glass seals. The pin-and-socket arrangement indi- 
cated is essentially that used in commercially avail- 
able, hermetically sealed pressure connectors. This 
basic double-seal design is used for power, control, 
and instrumentation cables, including coaxial cables. 
A careful cost analysis showed this design to be 
appreciably less expensive than one using MI cables 
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Fig. 29 Power-cable penetration at San Onofre.!” 


or hermetically sealed, bulkhead-type pressure con- 
nectors.'® 

Figure 29 shows a 5-kv electric-power penetration 
with belled ends. Through-type, 15-kv class, 600- 
amp bushings are used for the 5-kv power circuits. 

Leak-Rate Tests. Each canister (test chamber) was 
tested before and after installation in the contain- 
ment sphere at a pressure > 53.4 psig; a leak rate 
<1~x 10 em’/sec was determined by helium mass- 
spectrometer leak-detection techniques. 


DRESDEN 2 


Primary containment for Dresden Nuclear Power 
Station Unit 2 is a pressure-suppression system that 
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includes a steel pressure-vessel dry well which con- 
tains the reactor vessel and recirculation system. 
The internal design pressure of the dry well is 
62 psig. Secondary containment is provided by a re- 
actor building that encloses the primary containment 
system and reactor servicing and auxiliary equip- 
ment. The internal design pressure of the reactor 
building is 7 in. of water. Dresden 2 is scheduled 
to operate in 1969. 


Penetration of the primary containment vessel for 
electric-power, signal, and instrument circuits is 
planned through 37 penetration assemblies installed 


in the containment wall.!® 
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Primary Penetrations. Two typical types of elec- 
trical penetrations are shown in Figs. 30 and 31. 
These are interim concept designs and are under- 
going some modification, including a reduction from 
37 to ~29 penetration assemblies.” Figure 30 shows 
a canister assembly welded to an 8-in. pipe sleeve 
that is welded to the primary containment vessel. 
(Several multipin connectors or coaxial connectors 
are similarly used in a single canister.) The male 
connectors shown in the end of the canister have 
either a hermetic seal or a low-leakage seal backed 
with a bonding resin. The female connector section 
of the assembly permits disconnection and tests of 
the electrical circuits. 

Figure 31 shows a sealed penetration assembly 
containing a cable splice. A splice envelope and 
pressure injection of resin are used to prevent longi- 
tudinal leakage through the cable. The blind flanges 
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Fig. 30 Canister assembly for Dresden-2.19 


Splice envelope Connector 
Space tape 


are bolted to the penetrating sleeve with a soft gasket 
material, and a bonding resin is used on the com- 
pression bushing of the cable connector on the flange. 


Leak-Rate Testing. The double-sealed penetration 
assemblies (Fig. 30) are provided with test ports to 
permit pressurization and leak-rate testing before 
and after installation in the containment vessel. The 
seal-splice assemblies (Fig. 31), also provided with 
test ports, are tested after installation. The penetra- 
tion assemblies are tested at 62 psig. 


Reactor -Building Penetrations. The electrical ca- 
bles entering the reactor building will pass through 
ducts sealed in the building wall; the cables will be 
sealed with soft sealing materials. 


Conclusions and Recommendations 


From the standpoint of containment, the principal 
requirements of an electrical penetration system are: 
(1) to provide a leaktight seal, and (2) to maintain 
leaktightness under all conditions, including the maxi- 
mum credible accident. Ideally, electrical-penetra- 
tion-system design would enable independent leak- 
rate testing at any time, i.e., with all circuits 
connected and with the containment building at nor- 
mal pressure. Except for cost or other limitations 
imposed by the plant design philosophy, these should 
be the main design objectives. 

A careful engineering evaluation of many design 
factors is necessary for the optimum design of a 
particular electrical penetration system. The fol- 
lowing criteria and recommendations should be useful 
in such engineering evaluations: 

e Openings must not detract from the strength of 
the containment vessel. 

e Proved sealing materials must be used for pack- 
ing, potting, or gasketing. 
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Fig. 31 Penetration assembly and cable splice for Dresden-2 will be tested at 62 psig.49 
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¢ Double seals should be provided when possible. 

¢ Leak-rate testing should be possible at any time. 

¢ For high-pressure vessels, or where allowable 
leakage is very low, hermetically sealed connectors 
with vitreous insulators fused to the conductors and 
connector housings should be seriously considered. 

e Fast and easy repair or replacement of a part 
should be possible without disturbing other parts of a 
penetration assembly. 

¢ Locations of electrical penetrations on the con- 
tainment vessel should provide easy access and ample 
working space for repair, replacement, and testing. 

¢ The insulation of all penetrating conductors should 
be tested for dielectric strength (before operation) 
and electrical resistance (periodically). Typical as- 
semblies should be tested under elevated tempera- 
ture and pressure conditions. 

e All electrical penetrations should be leak-rate 
tested periodically at a pressure at least that of the 
design pressure of the building containment vessel. 

¢ Penetrations should be continuously monitored to 
detect development of significant leakage.” 

e Steel armor and thermal insulation should be 
used where necessary to protect the sealing ma- 
terials used in penetrations. 

e Typical penetration assemblies should be tested 
at predicted maximum-credible-accident conditions 
to establish fire resistance and leaktight integrity. 

e Where gastight welds are required, full-penetra- 
tion welds with configurations that are amenable to 
radiography should be used. 
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ENERGY CONVERSION 


Recent Developments in Closed-Cycle 
Plasma MHD Systems 


By William D. Jackson, University of Illinois at Chicago Circle 


The basic attraction of all magnetohydroaynamic 
(MHD) electric-power-generation systems is that a 
single fluid serves both as the thermodynamic work- 
ing substance and as the moving conducting system 
in an electrical generator. Such power systems have 
potential advantages for both utility and space power 
plants. Where high-temperature systems are re- 
quired because of the needs of specific applications 
or may be attractive from economic or operating 
viewpoints, MHD generators retain the advantage of 
single-unit electrical machines while eliminating the 
temperature-limiting rotating components of both 
steam and gas turbomachinery. Also, there ap- 
pears to be no inherent limit to the size that may be 
achieved with MHD systems, so the possibility of 
developing exceedingly large generators is potentially 
attractive. 


The Concept and Its Potential. The limits on MHD- 
system performance are Set by the exit conditions of 
the heat source; these determine both the perfor- 
mance based on cycle considerations and the electri- 
cal conductivity available in the MHD-generator duct. 

The use of a nuclear heat source in conjunction 
with an MHD electric-power-generation system has 
been discussed in previous articles that dealt with 
liquid-metal MHD'” and with open-cycle MHD sys- 
tems.’ A quite different possibility is the combina- 
tion of a gas-cooled reactor and a seeded noble-gas 
loop as shown in Fig. 1. The system is essentially 
the gas-turbine or Brayton cycle, modified only by 
the presence of a diffuser to slow the working fluid 
before it passes to the heat exchanger. The basic 
temperature limitation in the system is set by the 
reactor fuel-element maximum temperature, whichis 
too low to obtain adequate electrical conductivity in 
a cesium—noble-gas mixture with thermal-equilib- 
rium conditions; combustion gases in open-cycle 
MHD systems can be much hotter. However, in 1961, 
Kerrebrock‘ pointed out the possibility of raising the 
temperature of the electrons in the plasma so as to 
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Fig. 1 Typical MHD Brayton cycle and associated thermo- 
dynamic state diagrams.” 


increase substantially the electrical conductivity at 
temperatures compatible with long-life operation of 
gas-cooled reactors. The electric field necessary for 
preferentially heating the electrons to achieve this 
state of the plasma (generally referred to as non- 
equilibrium ionization) would be obtained by motional 
induction; other methods of heating the electrons 
also could be employed. 

The 1966 Salzburg symposium on Magnetohydro- 
dynamic Electrical Power Generation? included about 
60 papers devoted to the closed-cycle plasma MHD 
system; another 20 papers concerning general prob- 
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lems in MHD are of direct interest to workers in the 
closed-cycle plasma MHD field. 


Current Status 


The basic concept of the closed-cycle plasma MHD 
system has been described at previous symposia.” * 
It is clear that overall cycle efficiencies in large 
ground-based units will be ~45 to 55%. Unlike the 
liquid-metal systems, the plasma MHD cycle is not 
a topping unit; essentially all the electricity is pro- 
duced by the MHD generator. The heat rejected from 
the primary cycle is used in a secondary cycle in- 
tended primarily to power the compressor. 


Nonequilibrium Ionization. At the Paris sympo- 
sium in 1964, it became clear that the attainment of 
nonequilibrium ionization was a more difficult task 
than had been anticipated.’ Conclusive experimental 
evidence of nonequilibrium ionization was confined to 
one paper® presented elsewhere that year. The diffi- 
culties were generally attributed to the existence of 
boundaries in any physical system and to the small 
scale of preliminary experiments. Thus emphasis 
was placed on exploring the problems associated 
with finite geometry, electrode configuration, bound- 
ary-layer phenomena and wall leakage; some investi- 
gators subsequently embarked on relatively large- 
scale experimental facilities. 

In what has proved to be an important development, 
McCune,’ following the work of Velikhov,'® pointed 
out the existence of magnetoacoustic instabilities and 
their importance in MHD-generator operation. In 
addition, Velikhov and Dykhne!! and Kerrebrock!” 
gave the first treatments of ionization or electro- 
thermal instabilities. Unlike the nonuniformities in- 
troduced by boundary conditions, these instabilities 
are bulk phenomena potentially capable of adversely 
affecting the electrical conductivity of the plasma in 
all sizes of MHD generators. 


The Reactor and MHD Cycle. The inherent sim- 
plicity of a single-loop system, in which the reactor 
coolant passes directly to the electrical generator 
without intermediate heat exchangers, involves the 
basic difficulty that the working pressure should be 
low for optimum generator performance, but reactor 
heat-transfer considerations dictate high-pressure 
operation. It was clear from the Paris symposium 
that the matching of a gas-cooled reactor to a plasma 
MHD generator under acceptable cycle conditions 
was a problem to be faced and that the development 
of the reactor itself was of obvious importance to 
the ultimate success of the scheme. 


Recent Developments 


With this background as a guide, the sessions of 
the Salzburg symposium related to closed-cycle 
plasma MHD were devoted to nonequilibrium theory 
and measurements, conformal mapping and electrode 


leakage, flow and nonequilibrium ionization, closed- 
cycle experiments, and prospects. The present situa- 
tion and future prospects were discussed in a round- 
table session. In addition, all the papers in the 
shock-tube session and several of the papers on 
diagnostics and on auxiliary ionization and relaxation 
were devoted to nonequilibrium problems. 


CLOSED-CYCLE MHD EXPERIMENTS 

Closed-cycle experiments figured prominently in 
the program of the symposium; 14 papers presented 
results from tests of seeded noble-gas MHD gen- 
erators or described the construction of facilities 
that should be able to produce data in the near 
future. Table 1 lists some of the major operating 
or planned experimental facilities that were reported. 


Loop vs. Blowdown or Shock Tube. Two distinct 
forms of test facilities were described. In some 
cases the objective was to simulate, on asmall scale, 
all the components of a Brayton-cycle MHD power 
system with electric heaters replacing the nuclear 
heat source. Such experiments truly constitute a 
closed-loop system capable of long-duration opera- 
tion with injection and removal of cesium seed. Their 
fabrication involves in some way all the problems of 
the final power system. However, the primary need 
at the present time is clearly to establish success- 
fully nonequilibrium conditions in the MHD-generator 
duct. Thus a substantial group of investigators fa- 
vored the use of a blowdown facility of relatively 
short duration or a shock tube. 


Disk-Type Hall Generator. Although the disk-type 
Hall generator has so far been the only device to 
yield the predicted nonequilibrium ionization condi- 
tions,* the general feeling of experimental workers 
engaged in developing these generators appeared to 
be that the necessity for operation at very large Hall 
parameters made them vulnerable to electrothermal 
instabilities or other bulk effects that reduce per- 
furmance. 


Segmented -Electrode Generator. In contrast, the 
segmented-electrode generator can operate at low 
Hall parameters. An important line of investigation 
has been to develop a generator of this type which 
will not exhibit electrode-shorting phenomena. A 
typical generator of this type, shown schematically 
in Fig. 2, was tested in a blowdown flow facility with 
a helium flow of 0.4 kg/sec at 2000°K stagnation 
temperature and 5 atm stagnation pressure.“ Pre- 
liminary results show that machine performance was 
substantially below the predicted behavior; the au- 
thors attribute this to internal short-circuiting 


*During the discussion of these papers, further results 
were presented using a Hall-type disk generator in the 
shock-tube facility described in Ref. 13. Stable power out- 
puts of the range 110 to 500 kw(e) at a conversion efficiency 
of 10% were obtained. 
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Table 1 NONEQUILIBRIUM-GENERATOR TEST FACILITIES 














Gas 
Flow rate, temp., 
Installation Type kg/sec °K Fluid Seed 
France 
Saclay*® Heater 0.2 1800 He Cs 
blowdown 
Germany 
Jiilich (ARGAS)!® Closed loop 3 1800 He Cs 
Italy 
Frascati®® Heater 0.2 2000 He Cs 
blowdown 
Japan 
JAERI"? Plasma jet 0.15 2500 Ar K 
USSR 
Leningrad*! Plasma jet ? ? Ar NaK 
Moscow (Physics Institute)* Blowdown ? 4500 He ? 
Moscow (Lenin Institute)® Plasma jet 0.005 2400 Ar K 
United States 
Massachusetts Institute Heater 0.4 1800 He Cs 
of Technology" blowdown 
General Electric Space Shock tube 5800 Xe None 
Sciences Laboratory”** 
General Motors Corp., Closed loop 1700 He Cs 
Indianapolis® 
United Kingdom 
Harwell!® Heater 0.3 1500 Ar K 
blowdown 
International Research and Closed loop 0.07 2500 He Cs 
Development Co. Ltd.'6 
Nozzle MHD channel Diffuser 
(view with top insulator wall removed) 
}=—— Supersonic section Subsonic —= 
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Fig. 2 Typical channel layout for segmented-electrode plasma MHD generator." 
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through the boundary layer on the insulating wall 
rather than to electrode-shorting phenomena. 


Larger Test Facilities Needed. This failure of 
observed quantities, usually motionally induced trans- 
verse voltage and axial or Hall voltage, to agree 
closely with predicted values was a common feature 
of the experimental results.’°® The causes appear 
to lie in a combination of electrode and bulk effects; 
large facilities ‘‘’*® may provide data to resolve this 
situation. Most encouraging was the conclusion that 
high-temperature facilities of the type required, op- 
erating within the stagnation temperatures of 1800 to 
2000°K, could be fabricated and operated success- 
fully for extended periods. **”° 


NONEQUILIBRIUM THEORY AND MEASUREMENTS 


Theoretical work on nonequilibrium plasmas gen- 
erally refined and extended earlier reports. Topics 
examined included the validity of the Saha equation 
in gas discharges,”! the influence of wall radiation 
on the nonequilibrium electrical conductivity and 
ionization reaction time of a He—Cs plasma,”? and 
the energy exchange between electrons and molecular 
gases.” 

A variety of experimental apparatus was used for 
the experimental studies. Careful and detailed stud- 
ies* of nonequilibrium conductivity in an argon— 
alkali plasma with magnetically induced ionization 
used a plasma-jet source with a 2000°K argon 
flow rate of 16 g/sec, a gas mixture of 0.2% po- 
tassium + 99.8% argon, and a magnetic field of 
0 to 1.7 tesla; the measurement volume was 15 by 
20 by 100 mm. The scalar conductivity was mea- 
sured as a function of electron temperature, which 
was in turn determined as a function of current 
density and magnetic field by the line-reversal 
method. Other workers favored such arrangements 
as furnace heating of gas—vapor mixtures,” pulsed 
discharges,”* and conventional shock tubes. Although 
most discharge experiments seeded noble-gas plas- 
mas, one paper” dealt with a Hg—Cs vapor and re- 
ported electron density and temperature measure- 
ments. A Hg—Cs vapor working fluid could be used 
in the MHD generator of a Rankine-cycle system, 
but such systems have received relatively little 
attention. 

Studies in discharges with crossed electric and 
magnetic fields allow for the possibility of studying 
ionization instabilities; the results of one experi- 
ment”® may be interpreted as confirming the pre- 
dictions of Velikhov and Dykhne." 


Shock-Tube Experiments. Both potassium-seeded 
argon and xenon plasmas were used in shock-tube 
experiments; electrical conductivity, electron den- 
sity, temperature, and electrical power output were 
determined. 

Although the shock tube is a convenient facility 
for studying bulk-plasma processes, there are diffi- 


culties in applying it to the study of MHD generators. 
The thin boundary layers immediately behind the 
shock do not simulate the gas dynamic conditions of 
a Steady-flow MHD-generator channel; the use of a 
constant-area duct requires a low interaction density 
to avoid choking. Increases in the boundary layer 
with increasing distance behind the shock cause dif- 
ficulties in establishing electrode conditions in rela- 
tion to those in an actual generator. Use of a plasma 
produced by the reflection of the shock wave from 
the tube end as used by Louis” avoids these diffi- 
culties. 

Both noble and seeded noble-gas plasmas were 
used in the shock-tube experiments. By the use of 
sufficiently high temperatures, the fractional ioniza- 
tion in xenon and argon without seeding is of the same 
order as that expected in seeded noble-gas MHD 
generators.”® The addition of small amounts of hydro- 
gen reduces the ionization time to a small fraction 
of the plasma transit time. The results again confirm 
the correctness of using the Saha equation with the 
appropriate electron energy balance to determine 
electrical conductivity. However, electron tempera- 
tures were below the gas stagnation temperature; the 
reverse of this situation is the goal in all non- 
equilibrium generators. This difficulty appeared in 
another report” where measurements were made at 
large Hall parameters, and ionization-wave insta- 
bilities apparently did not develop to disturb the bulk- 
plasma behavior from that predicted using the Saha 
equation as discussed above. 

The reflected-shock facility" has been used to 
study ionization kinetics of cesium seed in argon; 
Fig. 3 shows the experimentally determined rates 
compared with those predicted by a model in which 
the energy required to excite cesium atoms is sup- 
plied by resonance radiation. The facility soon will 
be used to study disk-type generators; the 20-Mw(t) 
power should lead to valuable results. 


MAGNETOH YDRODYNAMIC INSTABILITIES 


The largest group of papers, in the session on flow 
and nonequilibrium ionization, was devoted to the 
important topic of magnetohydrodynamic instabilities. 
These instabilities constitute the main problem in 
closed-cycle plasma MHD power conversion. As 
mentioned earlier, they are divided into two groups: 
(1) magnetoacoustic and (2) electrothermal or ioniza- 
tion-wave instabilities. Both reduce the effective 
plasma conductivity. 

Two treatments of the problem of instabilities are 
possible: (1) linearization of the appropriate describ- 
ing equations and examination of the growth of per- 
turbations of an infinitely small initial amplitude and 
(2) discussion of the behavior of a perturbed plasma 
by taking average values for the parameters and 
their fluctuations to try to find the laws connecting 
these averages without accounting for the origin of 
the instability. Of the two instabilities, the ionization- 
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Fig. 3 Ionization rate of cesium seed in argon at 50 torrs, 
calculated vs. measured, for two cesium concentrations. 


wave type received more attention because it readily 
can be shown that the growth times are of the order 
of a microsecond, and, accordingly, such instabilities 
constitute a serious difficulty for closed-cycle plasma 
MHD conversion. In contrast, magnetoacoustic insta- 
bilities have relatively long growth times and thus 
less seriously reduce generator performance. 


Phase-Velocity Reversal. An important theoreti- 
cal study of ionization waves in a nonequilibrium 
plasma at rest was reported;*! the study led to 
equations valid for any degree of ionization. A result 
of particular interest is that the phase velocity of 
these waves reverses as the plasma passes from 
the condition of weak to strong ionization, but ex- 
perimental observation may be difficult since this 
occurs at a degree of ionization close to that at which 
the waves cease to be stable. 


Effect on Plasmas. An experimental investiga- 
tion” of great interest showed not only the existence 
of these instabilities but provided valuable results 
regarding their effect on plasmas in the MHD- 
generator regime. Using a simple rectangular glass 
discharge tube containing argon at 50 torrs and 
cesium at 10~ torr in a magnetic field of 0.8 tesla, 
the authors showed the development of the instabili- 
ties, flow structure, velocity of the waves, variations 


in electron density and potential, instability develop- 
ment time, and apparent conductivity of the resulting 
plasma. The results of the conductivity measure- 
ments are shown in Figs. 4 and 5, where the effective 
conductivity and the ratio of average Hall electrical 
field to electrical field in the transverse direction 
are plotted as functions of the Hall parameter. The 
Hall angle reaches an upper limit, and the apparent 
conductivity is reduced sharply, as predicted in one 
of the theoretical papers.” 

From both the theoretical predictions and the ex- 
perimental results reported, it would seem that 
plasmas in the conditions appropriate to flows in 
MHD-generator ducts are difficult to operate stably 
at high Hall parameters when nonequilibrium condi- 
tions are induced by motional magnetic induction. A 
possible route to avoid this limitation was indicated 
in an experimental paper®® describing a search for an 
effective preionization method that produces free 
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electrons without heating the neutral atoms in a 
homogeneous and stable manner. 


AUXILIARY IONIZATION AND RECOMBINATION 


Auxiliary ionization implies the use of methods 
other than thermal ionization or nonequilibrium ion- 
ization by means of electron heating. For closed- 
loop noble-gas systems, auxiliary ionization may 
either avoid the instability difficulties of electron 
heating or avoid the necessity for operating with a 
corrosive alkali-metal seed. Two groups of investi- 
gators*’:35 considered the problems of a preionizer 
arc discharge in a flowing seeded noble-gas plasma. 


Irradiation. Ionization induced by nuclear radia- 
tion using the 


3He +n — p++ 0.77 Mev 


reaction has been the subject of an experiment*® with 
3He at about atmospheric pressure heated ina furnace 
and irradiated with neutrons from a reactor. The 
measurements of recombination coefficients gave 
good results compared with calculated values; the 
work is particularly valuable in that it gives re- 
combination information in a plasma of relatively 
high neutral pressure and useful electron density. 
The measured conductivities, however, are too low 
for MHD generators. An interesting scheme” uses 
fission fragments to excite metastable states in a 
90% Ar—10% N mixture and to transfer the energy of 
these states to a small amount of cesium also present 
in the generator duct. Lifetime calculations were 
given on the basis of various known reaction rates, 
but deexcitation by electron collisions was not in- 
cluded. An initial aspect of this scheme is the as- 
sumption that the energy required to heat the elec- 
trons is contained in the vibrationally excited states 
of nitrogen and the validity of this was questioned 
during the discussion of the paper. Experimental 
evidence is now needed to clarify the situation be- 
cause the principle of using the nuclear source itself 
to promote near-equilibrium ionization is particularly 
attractive. 


Segmented Electrodes. The build-up length for ion- 
ization of a plasma in a segmented-electrode genera- 
tor was calculated, but no experimental results were 
presented. 


Recombination. The relaxation of ionization was 
considered in several papers,39-42 but the experi- 
mental work was generally undertaken at pressures 
much lower than those of interest for MHD genera- 
tors; future work in high-pressure regimes is needed 
before a complete understanding of generator inlet 
ionization and relaxation can be obtained. 


DIAGNOSTICS 


For seeded noble-gas plasmas, the diagnostics 
papers of interest dealt with the behavior of probes 


under conditions of pressure appropriate to MHD- 
generator channels and with spectroscopic measure- 
ments. 


Probes. Two electrostatic-probe papers*:“* took 
into account ionization and recombination effects; one 
of them“ included both the effects of the flow of ion- 
ized gas past the probe and the applied external elec- 
tric fields. Evidently the theory of these probes is 
not yet complete as the effects of strong magnetic 
fields were not included; there is some doubt about 
the validity of the use of the Saha equation with the 
assumed recombination-rate situation. 

In contrast to the theoretical electrostatic-probe 
work, measurements of time-averaged mass, mo- 
mentum, and energy fluxes in an ionized gas witha 
supersonic stream tube were described.“® Measure- 
ments with this ingenious probe were in good agree- 
ment with velocities calculated from the mass flow. 


Spectroscopy. The attenuation of light transmitted 
through a gas at a resonance wavelength of the seed 
material was used by two groups of workers*:** to 
obtain the seed fraction. A diffraction spectrograph*’ 
aligned to be coaxial with the positive column was 
used to measure absolute intensity; an X-ray tech- 
nique yielded absorption coefficients. Recombination 
coefficients were deduced from these measurements. 

The propagation of microwaves through ionized-gas 
streams was discussed; this method was used to de- 
termine average electron density.“* An induction-type 
MHD probe*® may be useful for bulk-property mea- 
surements, although it will not be suitable for obtain- 
ing boundary-layer information. Discussions of the 
relative merits of probe and optical techniques in- 
volved continuation of recurring arguments. 


CONFORMAL MAPPING AND ELECTRODE LEAKAGE 


Inhomogeneities introduced by electrode leakage 
and the techniques for calculating these effects were 
described. All authors began by observing that MHD 
generators with segmented electrodes and utilizing 
nonequilibrium ionization have not performed as well 
as predicted by one-dimensional theory. In almost all 
experimental data available at the time when sympo- 
sium papers were submitted, the introduction of seg- 
mented electrodes had failed in its purpose of estab- 
lishing the required Hall-potential gradient in the 
flow direction (however, encouraging results on the 
attainment of nonequilibrium conditions in a seg- 
mented-electrode generator have been reported since 
then®’), The existence of the Hall field leads to spe- 
cial complications in the application of available two- 
dimensional theoretical methods to the current flow 
pattern in segmented-electrode MHD generators. 
Figure 6 shows a typical calculated current distri- 
bution in a generator duct. 

The main theoretical papers dealt with the effects 
on MHD-generator performance of leakage currents 
between electrodes due to imperfect insulaticn,”! 
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ionic motion with segmented electrodes in strong 
magnetic fields,” finite duct length,” and electrode 
staggering.”® The Schwars-—Christoffel transforma- 
tion is basic to all these papers; the authors rely 
generally on numerical methods for integration of the 
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transformation function. An experimental investiga- 
tion’ in a simulated small generator used the study 
of light emitted from a flowing potassium-seeded 
argon plasma to determine current flow patterns. 
Several papers discussed the optimization of elec- 
trode shape; one ingenious suggestion was made*‘ to 
overcome the basic difficulty of electrode segmenta- 
tion by using a duct of hexagonal cross section. This 
would eliminate the interelectrode short-circuit ef- 
fect by arranging for the current component perpen- 
dicular to both the magnetic field and the velocity to 
be nonzero along the insulator surfaces. Though good 
progress has been made toward understanding elec- 
trode segmentation effects, the problem is far from 
satisfactorily solved. In particular, variation of 
plasma properties must be taken into account. 


Prospects 


To gain perspective on the outlook for the future, 
the authors of a group of papers assumed that the 
development problems of nonequilibrium generators 
had been solved, and they proceeded to discuss cycle 
performance and preliminary economics of closed- 
cycle plasma MHD systems. The general incentive 
for this type of study in advance of the solution of 
basic problems lies in pursuing the engineering goal 
of converting the primary sources of energy to elec- 
trical energy as cheaply as possible. Although most 
attention was given to large ground-based installa- 
tions, there was some consideration of power sys- 
tems for use in space. 


UTILITY POWER 

Although the cost per kilowatt of installed capacity 
of power stations has fallen through a combination of 
reduced capital costs and increased conversion ef- 
ficiency, it is now clear that further improvements 
along these lines with conventional methods will be 
hard to obtain. Fossil fuel will continue to play an 
important role in meeting energy needs for many 
years to come, but the advent of nuclear power has 
opened up new possibilities in terms of both the 
economics and the size of base-load stations. In the 
case of fossil-fuel-fired stations in most parts of 
the world, the larger fraction of electricity costs is 
associated with fuel, but capital cost is relatively 
more important in the case of a nuclear station. The 
reactor itself is a most important component in this 
cost, and the advent of a fast breeder reactor appears 
likely to reduce nuclear-fuel costs still further. 
Preliminary studies indicate that these fuel costs 
should be 0.4 to 0.75 mill/kw-hr and that even lower 
values are possible as the breeder reactor program 
develops. A umber of cycle studies were made to 
assess the possible role of nuclear MHD systems in 
this competive situation, and, in some cases, costs 
were estimated. 


Working Fluid. It has been tacitly assumed that 
helium would serve as the working fluid in these sys- 
tems, probably because it has been employed in exist- 
ing experiments with high-temperature gas-cooled 
reactors. However, one paper’ examined different 
types of working fluids. It pointed out that heat- 
transfer requirements dictate the need for a high 
fluid specific heat and thermal conductivity and that 
the working fluid must satisfy several criteria. 
These are: (1) high molecular weight to reduce the 
compressor power, (2) compatibility with a nuclear 
heat source to ensure that there is no deterioration 
under high radiation doses, (3) small absorption 
cross sections for thermal neutrons and suitable 
moderating properties so as to satisfy nuclear con- 
siderations, and (4) adequate electrical conductivity. 
With these requirements, the choice of working fluid 
is immediately limited to the three noble gases — 
helium, neon, and argon. Heat-transfer considerations 
make helium preferable to neon and neon better than 
argon; the desire to minimize compressor power 
reverses this order of preference. The very low 
neutron-absorption cross section of helium makes it 
the most acceptable of the three fluids on nuclear 
grounds. Calculations of magnetically induced elec- 
trical conductivity over the temperature range of 
interest indicate that neon is superior by about an 
order of magnitude in the pressure range 1 to 15 atm 
required by heat-transfer considerations. 

Efficiency and Size. In all the cycle calculations 
reported, it was assumed that a heat source with 
stagnation outlet temperature of 1500 to 2000°K will 
be available: efficiency calculations for large ground- 
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based installations ranged from 40 to ~55%, At this 
state of development, economic studies must be re- 
garded as extremely tentative, but it is clear that the 
situation for these MHD systems improves steadily 
as the size of the installation is increased and that 
they are probably inherently suited to single-unit 
installations in sizes above ~1000 Mw(e). Figure 7 
shows a tentative nuclear MHD power-plant layout*® 
in which a gas turbine powers the primary-loop 
compressors in a recuperative cycle. Parametric 
studies showed a plant thermal efficiency of 52 to 
55% at an MHD nozzle stagnation inlet temperature 
of 1800°K. 


Magnets and Compressors. A number of important 
points were brought out. To meet the high stagnation 
pressures required by heat-transfer considerations 
in the reactor, large magnetic fields must be avail- 
able for the MHD generator duct if adequate non- 
equilibrium ionization is to be obtained. Calculations 
show that the magnetic-field range extends to above 
10 tesla, so the development of superconducting- 
magnet systems is clearly required. The rotating 
compressor can probably be tolerated in ground- 
based installations, but it is certainly highly unde- 
sirable for space applications. 


SPACE POWER 


Because rotating compressors are undesirable in 
power systems for use in space, some attention has 
been given to the development of jet compressors. 
However, an experimental study*’ of a He—Cs jet- 
compressor loop showed a stagnation pressure ratio 
of 1.37 compared with a theoretical value of 2.11. 
This clearly illustrates the practical difficulty of de- 
veloping a high-efficiency jet compressor. 


Brayton Cycle. The prospects for the Brayton- 
cycle type of MHD system in space were generally 
regarded as poor owing to the problem of designing 
the compressor within the temperature limits imposed 
by radiative-heat rejection and anticipated component 
efficiencies. A condensing cycle with either a metal- 
vapor or liquid-metal MHD generator appears to be 
the better choice for this application. 


Rankine Cycle. One paper”? described a Rankine- 
cycle type of MHD system for space applications and 
claimed that it would be practical and competitive 
with a similar cycle using a turboalternator conver- 
sion system—if an electromagnet with flux density 
of 10 to 20 tesla can be made available with super- 
conducting windings. 


REACTOR REQUIREMENTS 


The roundtable discussion further analyzed the 
prospects for closed-cycle plasma MHD systems and 
considered the reactor requirements and the possibil - 
ities of attaining them. 


There are three operating high-temperature helium- 
cooled reactors from which some guidance can be 
obtained. The OECD Dragon reactor at Winfrith is 
intended to be coupled to a gas turbine at an exit 
temperature of ~1200°K and thus is of direct interest 
in the development of closed-cycle plasma MHD 
systems. Both the American Peach Bottom and West 
German Julich reactors involve a helium-to-steam 
heat exchanger for operation with a steam turbo- 
alternator. 


Most discussion centered on the 
Dragon reactor and on the extensions of Dragon- 
reactor technology which would be necessary for an 
MHD system. Dragon is a helium-cooled system with 
a compact nearly homogeneous core in which the 
graphite moderator combines the functions of both 
moderator and fuel-element structure. The actual 
fuel may be carbide or oxide in the form of small 
spherical particles coated by pyrocarbon and having 
a composite coating involving layers of pyrocarbon 
and silicon carbide. Such coatings prevent escape 
of gaseous or volatile fission products into the pri- 
mary coolant. The average stagnation temperature of 
the emerging helium is about 1050°K; maximum fuel 
temperature in the present core is about 1530°K. 
This reactor has operated over extended periods and 
has achieved impressively low levels of impurities 
of both chemical and fission-product origin. 

It was pointed out that the Dragon-type reactor was 
planned to operate with a gas turbine, but could prob- 
ably be modified to operate with a steam turbine, as 
is intended with the Julich system. The compact 
integral layouts with reactor and gas-turbine con- 
version equipment contained in a concrete pressure 
vessel make it essential that the MHD converter lend 
itself to similar arrangements if it is to be com- 
petitive in capital cost; the elimination of rotating 
machinery cannot be regarded as an end in itself but 
must produce a cost reduction. 


Dragon Reactor. 


Temperature and Efficiency. Cycle calculations for 
the gas-turbine system have shown that an overall 
conversion efficiency of about 40% can be achieved 
with a turbine inlet temperature of 1100°K; if this 
temperature could be raised to 1400°K, the efficiency 
would increase to about 50%. Although this probably 
would not impose any great hardships on develop- 
ment of the reactor, difficulty with turbine mate- 
rials might be a serious obstacle. Of course, an 
MHD power-conversion system inherently would avoid 
this high-temperature limitation. For a gas-turbine 
system to achieve a comparable efficiency with an 
MHD system, however, it is necessary to raise the 
reactor stagnation temperature by perhaps 300°K 
(i.e., to 1800°K) to attain 50% efficiency (an MHD 
generator has an inherently lower conversion effi- 
ciency than a gas turbine of the same power output). 

On the assumption that the competition is to be 
between MHD generators and gas turbines rather 
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than steam turbines in the high-temperature gas- 
cooled reactor field, it appears that 1800°K is the 
minimum duct stagnation temperature that is of 
interest. Thus the need is for a reactor of a type 
that fits into the long-range nuclear power program 
(i.e., takes into account the fast breeder develop- 
ments) and has a capital cost economically competi- 
tive at 1800°K. If higher temperatures (2300°K) could 
be obtained with long-term operation, then the MHD 
generator situation is simplified in that equilibrium 
ionization would be sufficient. 

It is evident that the developers of MHD generators 
must work closely with planners of nuclear power 
programs as well as with reactor designers if 
they are to have the opportunity to achieve their ob- 
jectives. Although the closed-cycle discussions, both 
plasma and liquid metal, were almost entirely di- 
rected toward a nuclear heat source, the possibility 
of combining these systems with a fossil-fuel source 
through a high-temperature heat exchanger should not 
be ignored. 


Conclusion 


In the meantime the overall behavior of the physi- 
cal processes and magnetogasdynamics of the MHD- 
generator duct are not fully understood. Further 
intensive effort is required to remedy these de- 
ficiencies. The discrepancies between theory and 
experiment, as this review has tried to bring out, 
are most acute in investigations where the establish- 
ment of generator performance is of primary con- 
cern. The situation is certainly not comparable to the 
problems being faced in the nuclear fusion program, 
but there is a need for serious and sustained tech- 
nical effort. The 1968 symposium, probably to be 
held in Warsaw, should record further impressive 
progress. 
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FLUID AND THERMAL TECHNOLOGY 


Shaped Collimators Improve 
One-Shot Void Detectors 


By Paul A. Lottes 


The ingenious application of old principles of void- 
measurement techniques with gamma rays has pro- 
duced an accurate new device that simplifies void 
measurements in small flow channels.’ The device 
is a shaped collimator that minimizes the dependence 
of the measurements on the void distribution in the 
flow channel. 

Gamma attenuation is the basis for two void- 
measurement methods: (1) the one-shot method, in 
which the entire flow channel is scanned at once, and 
(2) the traversing method. Traversing is generally 
more accurate because void distributions are prop- 
erly weighted with respect to channel position. Fer- 
rell and McGee! have developed the shaped collima- 
tors primarily because the traversing method is too 
slow. 


Theoretical Basis 


Petrick has shown that there are two limiting cases 
for rectangular channels.” When the liquid and vapor 
exist in layers parallel to the beam, the voids are de- 
termined to be 
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where/, is the beam intensity emerging from the flow 
channel of unknown void volume, /, is the beam inten- 
sity emerging from the same channel when filled with 
saturated liquid at the same temperature, and /, is the 
beam intensity emerging from the same channel when 
filled with saturated vapor. When the liquid and vapor 
exist in layers perpendicular to the beam, 
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Although most mixtures would lie somewhere be- 
tween these limits, experiments have shown that the 


second case is usually representative of actual mix- 
ture flows. In either case the values of J; and J, in- 
clude gamma attenuation by the channel walls. In the 
case of beams passing through a circular (cross sec- 
tion) pipe with a two-phase mixture flowing inside, the 
chord length of metal pipe is greatest near the outer 
edges of the beam. 

By selecting a set of conditions such that the frac- 
tion attenuation is very small [small value of (/,— 
I;)/I,|, Ferrell and McGee have been able to reduce 
Eq. 2 to Eq. 1. This was done by expanding Eq. 2 in 
series form and neglecting all terms except the first. 
Then they considered a series of incremental beams of 
parallel radiation and developed a collimator that 
took into account the varying metal chord path in the 
mixture channel. This allows the equations developed 
for rectangular channels to be used on circular pipes. 
The collimator is based on the principle that parallel 
rays pass through the system. 


Application 


Two typical collimator designs are shown in Figs. 1 
and 2. Note the dependence of the collimator shape on 
the tube-wall thickness. Measurement were made with 
various Lucite models used to represent the void- 
fraction distributions; Figs. 3 and 4showthe accuracy 
to be within 5% for the cases tested. 


Conclusions 


The shape of the collimator used in the one-shot 
technique greatly affects the dependence of the void- 
fraction measurements on the void distribution in the 
flow channel. The one-shot collimator discussed here 
will provide accurate void-fraction measurements 
independent of the void distribution. However, cau- 
tion must be used in extending this method to larger 
diameter flow channels (>0.5 in.) or to those situa- 
tions where the average attenuation exceeds 20% 
(Ref. 2). 


POWER REACTOR TECHNOLOGY and REACTOR FUEL PROCESSING, Vol. 10, No. 2, Spring 1967 


FLUID AND THERMAL TECHNOLOGY 149 





























0.8 - 1.0 a 
? P , 
4 
07+ | thy 
| | / 7 
| | 0.8 Sy oe 
| 0.6 + | SY Af 4 
| | Ye AS 
0.5 I = A t4 2° 
| whan i S06 4, 
| : 7 
\ ic 7 
| =< 044 y = ‘7 
= s G 
3 304 
< 7 
Vd 
V4 
Zi 
y| | 0 | | al | 
0 0.2 0.4 0.6 0.8 1.0 
0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 Calculated Void Fraction 
Width, in. 
Fig. 3 Calibration with Lucite models to represent void- 
Fig. 1 On the basis of the principle that parallel rays fraction distributions shows accuracy within +5; data are 
pass through the system, collimators can be shaped to for the collimator in Fig. 1. 


compensate for tube-wall thickness. The curve shows the 
shape of the upper half of the collimator designed for a 
0.625 -in.-OD by 0.083-in.-wall stainless-steel tube.4 
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2. Michael Petrick, Two-Phase Air—Water Flow Phenom- Calculated Void Fraction 
enon, USAEC Report ANL-5787, Argonne National Labo- 
ratory, March 1958. Fig. 4 Calibration curve for the collimator in Fig. 2. 
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FLUID AND THERMAL TECHNOLOGY 


Potassium Drop Sizes 
and Turbine-Blade Erosion 


By Paul A. Lottes 


The continued development of liquid-metal Rankine- 
cycle technology requires an increasing understand- 
ing of engineering problems such as the fluid me- 
chanics of wet liquid-metal vapors and subsequent 
turbine erosion caused by impingement of droplets. ' 
Experimental work in this area and also theoretical 
treatment of the determination of droplet size (which 
includes the effect of a shock front on the drop size 
with nonthermal equilibrium effects) have been re- 
ported by Linharat.” 

Experimental determinations of potassium-vapor- 
condensate droplet sizes are reported for typical 
thermodynamic expansion processes in the 1000 to 
1500°F temperature range, 2- to 27-psia pressure 
range, and 0.80 to 0.95 theoretical-quality range. 
Figure 1 illustrates the thermodynamic processes 
for seven test runs. Erosion damage caused by the 
impingement of these droplets on nickel-plated stain- 
less-steel wedges, used to simulate conditions in the 
exhaust stages of a potassium-vapor turbine, is also 
described.”* 


Testing 


F.zu:« 2 shows a schematic diagram of the appa- 
ratus used. Potassium vapor with entrained droplets 
was exhausted through a nozzle and forced to impinge 
on wedges of various shapes. Three serious prob- 
lems were encountered during testing: contamination 
by atmospheric oxygen, leakage, and boiler-level 
stability. 

e Oxygen contamination. The most persistent prob- 
lem during testing was contamination by atmospheric 
oxygen, which altered the boiling behavior of the 
loop. However, significant alteration was not ob- 
served in the final interpretation of the damage- 
length test results. 


e Leakage. Leakage past the test section required 
the boiler to handle a higher mass flow than the 
designed 0.085 lb/sec. 


¢ Boiler level. Loop stability depended strongly 
on the boiler level. A high boiler level depressed 
steady boiling until the temperature built up and the 
potassium erupted. At the other extreme the boiler 
was unable to maintain the required mass flow when 
the boiler level was too low. Achievement of steady- 
state operation limited these major problems. 
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Fig. 1 Thermodynamic expansion processes for seven test 
runs: each run began with saturated vapor and expanded to 
a quality in the range 0.80 to 0.95. Processes 2, 3, and 4 
had identical throat but were cut off at various area ratios 
to allow droplet-size determination. Processes 5 and 6 had 
same area ratios and qualities but different nozzle lengths 
to identify effect of varying expansion velocity on droplet 
size. Processes 7 and 1 were identical to verify repro- 
ducibility and accuracy.! 
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Fig. 2 In potassium-loop test section, vapor flow is throt- 
tled across inlet valve and is exhausted through either test 
nozzle or bypass valve.! 


Results 


A theoretical relation was derived to relate the 
droplet size to damage length (the distance from the 
leading edge of the wedge over which damage is done). 
The droplet sizes were then calculated from mea- 
surements of the damage length. The interpretation 
of the test runs is given in Fig. 3, which shows that 
the droplet diameter decreases with increasing qual- 
ity. The significant result of the experiments is that 
the average free-stream droplet size produced by 
condensation during expansion is at least a factor of 
10 higher than that predicted by current condensation 
theory. 

A second result of the program was the determina- 
tion of the minimum normal impingement velocity that 
will cause damage to a nickel surface as a function 
of temperature (which is set by the test-fluid condi- 
tions). Linhardt concludes that this information can 
be used to obtain the dynamic yield strength of nickel. 
Damage results reported are shown in Fig. 4. 
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Fig. 3 Correlation of droplet size and vapor quality for 
botassium flow provides a sound basis for future analyses 
of actual potassium impulse-type turbines.! Test runs are 
numbered as in Fig. 1. 
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Fig. 4 Minimum impingement velocity required to cause 
erosion to nickel surface; greatest accuracy is in 1000 to 
1300°F range where experimental data are used; room- 
temperature point is a literature value. 
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AQUEOUS PROCESSING 


Research and Development on Aqueous 


Processing 


By C. E. Stevenson and D. M. Paige 


Modifications have been made to broaden the appli- 
cations of the HF dissolution process for zirconium- 
alloy fuels, and methods have been developed for acid 
dissolution of uranium in by-products of pyrochemical 
processing. The effects of variables in ThO, dissolu- 
tion have been examined. A single-cycle extraction 
process appears to be applicable to provide recycle 
material for semiremote fabrication of thorium fuels. 
Small amounts of dibutyl phosphate (DBP), resulting 
from the radiolysis of tributyl phosphate (TBP), 
markedly affect the distribution coefficients of zir- 
conium and plutonium in Purex-type processes. Nep- 
tunium is being recovered from fuel processing at 
the Idaho Chemical Processing Plant (ICPP). A pro- 
cess for cation-exchange concentrations of 337 was 
developed, as well as a method for dissolving waste 
resins damaged by radiation. Hot-cell processing of 
a batch of irradiated fuel containing Zr, Fe, Cr, Ni, 
and NaK is described, and plant equipment for the 
electrolytic production of a tetravalent uranium solu- 
tion for plutonium reduction is characterized. 


Preparation of Fuel for Processing 


In the HF dissolution of zirconium-alloy fuel, 
the addition of KF permits the precipitation and 
Separation of uranium from zirconium and reduces 
corrosion problems and waste volumes. Minor by- 
products from pyrochemical processing of fast reac- 
tor fissium-alloy fuel may be processed for uranium 
recovery by HNO; dissolution. For dissolution of 
ThO, the suitability of 13M HNO,—0.025M HF-0.1M 
Al(NO;)3 was confirmed; and effects of agitation, par- 
ticle size, source of material, presence of aluminum 
meal, and irradiation were determined. 


Zry—U ALLOY DISSOLUTION 


A modification of the hydrofluoric acid dissolution 
process for Zircaloy-clad Zr—U (and Zircaloy — 
uranium) alloys of high uranium content, proposed 


some time ago by Harwell personnel,’ involves (1) 
essentially quantitative precipitation of the uranium 
content as complex fluorides (KUF;, K,UF,) in the 
presence of KF, (2) filtration to concentrate the 
uranium and effect its bulk separation from zir- 
conium, and (3) dissolution of the precipitate in 
Al(NO;)3—HNO,; to permit extraction of uranium and 
its decontamination from fission products. Advantages 
claimed for the process include the use of a less 
corrosive dissolution reagent, since oxidants such as 
HNO; are not needed to complete the dissolution of 
uranium from alloys containing more than 1% ura- 
nium, and reduced size of extraction equipment and 
total radioactive waste volumes, since the amount of 
Al(NO3)3 needed for dissolution of the precipitate is 
much less than that needed to provide stable solutions 
of the total amount of zirconium contained in the 
alloy. 

In a recent publication by Jenkins, Keen, and 
Robson,” further details are presented on the pro- 
posed process. A 5% uranium—Zircaloy alloy was 
dissolved in sufficient 40% HF containing 0.125M KF 
to yield final concentrations of 2M zirconium and 
12M fluorine. Recovery of uranium in the precipitate 
was 99.8 to 99.9% (recovery of uranium was slightly 
lower and more erratic if the KF was initially 
present in the dissolver, rather than added with the 
HF). The precipitate contained about 1 mole of 
zirconium per mole of uranium, part of which could 
be removed by washing with 0.01M KF with a slight 
increase in uranium loss, and also contained tin from 
the Zircaloy. The precipitate was dissolved in HNO;-— 
Al(NO3)3 to yield concentrations of 1M HNO;, 0.3M 
Al(NO3)3, 0.1M HF, 0.1M zirconium, and 0.06M ura- 
nium for solvent extraction. Oxidation of uranium to 
the hexavalent state could be effected by either 
K,Cr,0, or H,O,. With K,Cr,0;,, some gelatinous 
solids were formed which were not observed for 
oxidation with H,O,. A small amount of insoluble 
material, primarily ZrO, containing perhaps 0.1% of 
the initial uranium, remained after dissolution of the 
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precipitate. In extraction of the uranium solution 
(derived from an irradiated fuel sample) with 20% 
TBP in odorless kerosene, over 99% of the strontium 
and rare earths was precipitated along with 86% of 
the ruthenium. Cesium, niobium, and 14% of the 
ruthenium were rejected with the waste solution. 


Initial operating experience with the HF dissolution 
process for Zircaloy—uranium alloy fuel at the ICPP, 
following modifications to permit increased process- 
ing rates by Semicontinuous dissolution, was recently 
described.? A more recent report has been made 
summarizing operations and noting some problems 
experienced in a continuation of that processing 
campaign.‘ 

Bridging of fuel elements in the intermittently 
charged dissolver was one of the problems en- 
countered. Elements have sometimes become wedged 
against the roughened sides of the dissolver, which 
prevented their dropping into the bulk solution, and 
slowed their dissolution. It is proposed to reduce 
this effect by a modification permitting dissolving 
reagent to be fed either to the upper or lower part of 
the vessel to aid dissolution of bridged elements. 


Another problem involved a minor hydrogen ex- 
plosion in the dissolver resulting from inadequate 
purging. The dissolver operates with alternate pe- 
riods of continuous feeding of 6.6/4 HF—0.03M HNO; 
dissolvent (containing 4.1 g of boron per liter asa 
nuclear poison) until most of the fuel has been dis- 
solved, followed by flushing with water containing 
5 g of boron per liter, and charging of additional fuel 
elements. The flushing water is retained and reused. 
It appears that a low concentration of HF accumulated 
in the flush water, from which hydrogen was liberated 
on charging of fuel. Even with only 0.001—0.01M HF 
in the flush water, the rate of hydrogen generation 
with zirconium and aluminum is appreciable. Purging 
was inadequate during this period, and a small ex- 
plosion occurred with negligible damage. Better 
venting and purging have prevented a recurrence of 
this problem. 


An interesting problem pertaining to the dissolver 
residue resulted from charging a group of special 
zirconium-alloy fuel elements which contained some 
stainless-steel pins. After the processing campaign, 
an accumulation of stainless-steel residues was visi- 
ble in the dissolver, and a significant amount of ura- 
nium remained unaccounted for. In previous opera- 
tions, 0.05 CrO,; had been found to be an effective 
uranium cleanout reagent, but in this case it was not. 
To dissolve the stainless steel, 6/7 H,SO, was added 
and removed both the stainless steel and most of the 
unaccounted-for uranium. Laboratory tests showed 
that the HF attack on stainless steel saturated the 
dissolvent with iron, chromium, and nickel fluorides 
which deposited, along with UF,, inside the dissolver. 
The CrO; reagent further bound uranium in this de- 
posit, which was readily dissolved in dilute H,SO,. 


RECOVERY OF URANIUM FROM EBR-II PYROCHEMICAL- 
PROCESS SIDESTREAMS 

The second Experimental Breeder Reactor (EBR-II) 
utilizes as its fuel a uranium—5% fissium* alloy 
containing uranium of 48 to 52% initial enrichment. 
The fuel is presently processed and refabricated re- 
motely by a limited decontamination pyrochemical 
process (melt refining) in a facility (the Fuel Cycle 
Facility or FCF) immediately adjacent tothe reactor.’ 
This facility, in successful operation for the past 
2 years, produces minor quantities of reject fuel 
by-product streams whose processing for uranium 
recovery by aqueous means is planned or under way 
at the ICPP,‘ 

The first of these materials is a mixed uranium 
fission-product oxide residue resulting from the first 
step of the skull-reclamation process® which was 
planned for FCF installation. In the melt-refining 
operation, which yields a tilt-poured ingot of purified 
and partially decontaminated alloy ready for recast- 
ing into fuel rods, about 7% of the alloy remains in 
the ZrO, crucible associated with a slag of impurities 
and certain fission-product oxides (i.e., oxides of Cs, 
Sr, Ba, Ce, etc.). The crucible is disposed of by 
oxidizing the residue with an Ar —O mixture at 800°C, 
whereby it becomes possible to transfer the oxides 
to an aluminum container. The residue, which con- 
tains 75 to 85% uranium (as an oxide) and 3 to 6% 
fission-product oxides, would constitute a feed ma- 
terial for the skull-reclamation process. Since equip- 
ment for this purpose has not been installed in the 
FCF, nor is its installation planned, arrangements 
have been made for transfer of the canned oxide for 
storage and processing at the ICPP. In laboratory 
tests, ~99% of the uranium in samples of the oxide 
was dissolved in 8 hr, using a boiling reagent of 
7.5M HNO;—0.007M Hg(NOs3), (it is proposed to 
dissolve the aluminum container also). The product 
was a 1.2M Al(NO3)3;—2.7M HNO; solution containing 
18 g of uranium per liter suitable for solvent ex- 
traction. A small amount of the material charged, in 
the form of 10- to 100-, particles containing only 
about 1% of the uranium, was not dissolved by this 
reagent. This residue was almost completely soluble 
in 4.0M HNO;—0.7M HF at 105°C. 

The second EBR-II fuel by-product consists of the 
fuel alloy pieces and particles associated with crushed 
Vycor glass generated in the fuel-rod casting step. 
In the remote refabrication of fuel elements, the 
Vycor glass is used as the mold material for casting 
new fuel rods from the melt-refined ingot. The 
rough castings are separated from the glass by 
crushing the molds and their contained castings 
through a die. Short pieces of castings, clumped or 

*Fissium alloy is a uranium alloy containing 2.5% Mo, 
1.9% Ru, 0.3% Rh, 0.2% Pd, 0.1% Zr, and 0.01% Nb, repre- 
senting metallic fission products not removed by the melt- 
refining (ZrO, crucible liquation) operation, at a calculated 
equilibrium concentration. 


POWER REACTOR TECHNOLOGY and REACTOR FUEL PROCESSING, Vol. 10, No. 2, Spring 1967 








154 AQUEOUS PROCESSING 


deformed material, or chips of alloy may be included 
with the glass, but the amount is normally less than 
1% of the fuel processed. In laboratory tests, over 
99% of the uranium in the crushed glass was re- 
covered by 5.5 hr leaching with 617 HNO; at room 
temperature. In a pilot-plant type of operation on 
7-liter batches of glass, using the ICPP manipulator - 
equipped multicurie cell, 18.7 kg of uranium was 
recovered from the glass by this technique.’ 


DISSOLUTION OF THORIUM OXIDE 


The use of ThO, as a fertile material in a reactor 
leads to the formation of fissile “°U. The recovery 
of uranium from ThO, may be accomplished by TBP 
extraction using the Thorex process; preparation of 
irradiated material for such processing requires 
dissolution in HNO;. At the Savannah River Labora- 
tory (SRL), studies have been recently made of the 
most appropriate means of preparing aluminum-clad 
ThO, target elements for processing in the Savannah 
River Plant. As a part of this effort, Hyder, Prout, 
and Russell® have described laboratory studies to 
develop optimum dissolution conditions. 

Although uranium oxides dissolve readily in hot, 
strong HNO;:, dissolution of ThO, under the same 
conditions requires the presence of a low concentra- 
tion of fluoride ion. Since the latter markedly ac- 
celerates the corrosion of stainless-steel process 
vessels by HNOs, Al** is usually also included ata 
concentration sufficient to complex F~ and minimize 
corrosive attack.” 

The SRL studies included determination of the 
effects on dissolution rate of reagent composition, 
agitation, presence of cladding, particle size, type 
and source of ThO,, and irradiation. In the study of 
the effect of reagent composition, a single type of 
sol-gel-produced ThO, (18% +16 mesh, 40% —100 
mesh) was refluxed with 10M to 16 HNO, contain- 
ing 0.05.7 to 0.1M/ HF and 0.1M Al(NOs); (80 to 120 
ml of HNO;/26.4 g of ThO,) for 8 hr. As shown by 
typical data in Fig. 1, the initial rate is relatively 
rapid (presumably the finer particles are dissolving 
during this period), and 80% is dissolved in 3 to 7 hr. 
Complete dissolution within an 8-hr test period was 
not attained, and 1 to 17% of the ThO, remained 
undissolved. The optimum acid strength was 13”; 
slightly increased dissolution rates were noted for 
F concentrations above 0.1M, but precipitation of 
ThF, was noted for F >0.1M. In other tests an ade- 
quate dissolution rate was found for 0.025 HF solu- 
tions. The effect of particle size on dissolution in 
13. HNO3;—0.025M HF—0.1™ Al(NO3)3 was studied by 
screening the ThO, into eight size ranges; the time 
required for dissolution of 75% of the ThO, ranged 
from 1 hr for a —100 mesh fraction to a 9.3 hr for a 
+16 mesh fraction. Mechanical agitation (vigorous 
stirring) was compared with agitation effected by 
boiling with heat applied either at the sides or the 
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Fig. 1 Effect of HNO 3 concentration on ThO» dissolution 
rate.” 


bottom; bottom heating was found to be as effective 
as stirring, whereas application of heat only at the 
side of the stainless-steel vessel, as might occur in 
a typical plant dissolver, resulted in much slower 
dissolution. This suggested that it might be desirable 
to provide bottom coils in the dissolving vessels. 

Rather wide variations in rates of dissolution were 
found for ThO, produced by different techniques or 
from different sources, even through a narrow Size 
fraction (—16 +20 mesh, U. S. standard sieve) was 
used for all tests. Most sol-gel ThO, samples dis- 
solved to the extent of 95% in 1.5 to 8 hr, although 
a few batches required >10 hr. Crushed extruded 
pellets dissolved a little more slowly than sol-gel 
material, and arc-fused ThO, was considerably slower 
to dissolve. 

Dissolution of the aluminum can, which contains 
the ThO, during irradiation, by three methods (acid 
or alkaline decladding, or codissolution) was also 
studied. The cladding could be removed satisfactorily 
with either 61 HNO,—0.001M Hg(NO3)2. or 4.3M@ 
NaOH-3M NaNOs, and neither reagent dissolved 
appreciable ThO,. However, when irradiated ThO, 
was boiled with the acid reagent, significant leaching 
of **y was noted; the alkaline reagent was viscous 
and tended to entrain fine ThO, particles. Conse- 
quently codissolution in which the cladding was first 
attacked with the ThO, dissolving reagent, with or 
without a low concentration of Hg(NO3)2, was favored. 
A cyclic procedure was also developed in which the 
acidity of the dissolved ThO, was reduced by addition 
of a batch of fresh slugs near the end of a dissolution 
run. 
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The effect of irradiation on the dissolution behavior 
of ThO, was also investigated with materials contain- 
ing 1200 and 2000 g of **y per ton as a result of 
irradiation. No significant differences were found in 
comparing dissolution rates of this material with 
that of the ThO, prior to irradiation. This com- 
pares with results previously reported by Goode and 
Flanary,!” who noted somewhat increased rates of 
dissolution in 13 4 HNO;—0.04./ NaF — 0.04 Al(NO3); 
for sol-gel, pelletized, and arc-fused ThO,—UO, 
mixtures irradiated in the range 3000 to 90,000 
Mwd/metric ton. 


Solvent Extraction Processes 


Calculations indicate that, when remote refabrica- 
tion removes the requirement for high decontamina- 
tion, a one-cycle TBP extraction-partition process is 
practical for mixed Th—Pu—U (2- or 3-component) 
fuels. The role of DBP as a radiolysis product of 
diluted TBP solvents has been studied by Russian 
workers. Chromic and ceric ions have been applied 
effectively in Redox-type processes for the recovery 
of neptunium. 


ONE-C YCLE EXTRACTION -PROCESS REQUIREMENTS 


Simplified aqueous processes, which may or may 
not produce complete decontamination and separation 
of products, are of considerable potential interest for 
power-reactor fuel cycles in which remote or semi- 
remote refabrication techniques may be required by 
product alpha or gamma activity, or where fission- 
able material mixtures may be recycled. Work at 
Harwell on a simplified fast reactor fuel-extraction 

rocess (U—Pu fuel) has been discussed," and an 
Oak Ridge study’ recently concluded that techniques 
other than solvent extraction showed little promise 
for partial decontamination by close-coupled pro- 
cessing. In a Babcock & Wilcox study by Moncrief 
and Schileo” of costs for thorium fuel recycle, the 
necessity for a remotely operated processing facility 
waS assumed since it was planned to process **U 
at equilibrium, accompanied by 3217 daughters with 
considerable hard gamma activity. A single TBP 
process extraction cycle, to produce both thorium 
and uranium products, was proposed for the facility. 
In a companion report’? by Moncrief, Burkart, and 
Sweeney, the requirements and capabilities of a 
single-cycle plant were more broadly explored by 
consideration of applications to Th—U, Pu-—U, and 
Th—Pu—U mixtures (partitioning of plutonium and 
uranium in the last mixture was not planned). The 
feasibility of recovery of all the fertile and fissile 
components in a reasonable number of theoretical 
extraction stages was indicated as the requirement 
varied from 22 to 26 stages (extraction, partition, 
and stripping) for the various processes. Dual- 
temperature Purex- and acid-Thorex-type flow sheets 
were assumed to obtain maximum decontamination 


(3 to 10 x 10° decontamination factor for Purex, 10° 
and higher for Thorex) and adequate recovery. 


EFFECTS OF DILUENTS ON THE RADIATION STABILITY 
OF TBP 

In the operation of TBP extraction processes in 
radiochemical plants, it has been observed" that a 
principal, and significant, radiolysis product is DBP. 
In some recent Russian work, it was reported by 
Barelko, Solyanina, and Tsvetkova” that the forma- 
tion of DBP was a principal effect of irradiation, and 
the effects of various hydrocarbon diluents upon the 
degree of radiolysis were noted. The effects of ra- 
diolysis in TBP-—diluent mixtures upon the distribu- 
tion of zirconium and plutonium ions in a liquid- 
liquid extraction process were also observed. 

Pure TBP was irradiated in an evacuated capsule 
to doses of 1.4 to 14 10"" ev/ml by gamma rays 
from “Co. The yield of radiolytic products in 
molecules/100 ev was 1.86 for DPB, 0.78 for butanol, 
1.5 for gaseous products, and 0.78 for polymer. 
These data agree well with those of other authors, 
considering the precision of dosimetry and analyses. 
When diluted with dodecane, the effects of the two 
components were not additive with respect to the 
formation of DBP and gaseous products. For exam- 
ple, the yield of DBP (molecules/100 ev) with pure 
dodecane was, of course, zero but was 1.2 at 25% 
TBP and 1.6 at 46% TBP. Similarly, the yield of 
gaseous products dropped from 3.8 for pure dodecane 
to 2.7 to 2.8 for 25 to 46% TBP. It is believed that 
transfer of the energy absorbed by dodecane to the 
TBP is involved in this effect. 

Substitution of aromatic hydrocarbons for dodecane 
in equal volume mixtures with TBP sharply reduced 
the yields of both gaseous products and of DBP upon 
irradiation, although the reduction in DBP formation 
was less than that of gas, as shown in Table 1. 


Table 1 EFFECT OF DILUENT TYPE ON 
RADIATION STABILITY OF TBP FOR 
MIXTURES OF EQUAL VOLUMES 

OF TBP AND HYDROCARBON “* 





Yield, molecules/100 ev 





Gaseous Acidic 
Hydrocarbon products products 

Dodecane 2.8 1.3 

Benzene 0.26 0.3 

Toluene 0.34 0.44 
Cumene 0.44 0.65 
Mesitylene 0.52 0.46 
Cymene 0.53 0.50 
Isopropyldipheny! 0.19 0.22 





It was thought that the observed behavior of aro- 
matic hydrocarbons was also an energy transfer ef- 
fect. This was further explored by observing changes 
in the distribution coefficients K for plutonium and 
for zirconium for 20% TBP-—diluent mixtures in 
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contact with 2M HNO; as a-result of irradiation up to 
5.6 x 107° ev/ml. With dodecane as the diluent, Kz, 
rose from 32 to 64 and Ap, rose from 3 to 50, 
whereas, with cymene as the diluent, values upon 
irradiation increased only from 1.5 to 27 for Kz, and 
from 1.5 to 2 for Kp,. For both elements, DBP is 
known to have a strong complexing effect. 

The effects of irradiation upon the two components 
of the solvent were separated by preparing mixtures 
from unirradiated and irradiated components and 
evaluating distribution coefficients for the mixtures. 


Table 2 EFFECT OF IRRADIATING SOLVENT 
COMPONENTS ON DISTRIBUTION COEFFICIENTS 
FOR MIXTURES OF 20% TBP AND DILUENT® 





Irradiation dose, ev/ml Distribution coefficient, K 


TBP 











Dodecane Plutonium Zirconium 
0 0 2.0 0.032 
0 1029 2.03 0.032 
10? 0 21.0 1.62 
102° 102° 32.8 1.56 





As shown in Table 2, mixtures containing unirradi- 
ated TBP and irradiated dodecane behaved similarly 
to unirradiated solvent, whereas, if the TBP aione 
was irradiated, the enhancement of the distribution 
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coefficient was substantially that of the irradiated 
solvent. 


EXTRACTION OF NEPTUNIUM 


For some time, attempts have been made at the 
ICPP to recover neptunium as a by-product of the 
recovery of enriched uranium from aluminum-alloy 
fuel. Partial success was achieved recently by add- 
ing Fe(SO;NH)), to the first-cycle TBP extraction 
column to convert neptunium to the four-valent state 
to effect its extraction with uranium. At that time it 
was planned to improve this process by oxidation to 
the hexavalent state with Cr(VI). This has since been 
effected successfully for both aluminum and zir- 
conium process feed streams.’ In the latter case, 
Cr(VI) is normally added to the complexed dissolver 
product to oxidize uranium to U(VI); for aluminum 
fuel the dissolver product was made up to a concen- 
tration of 0.01 CrO, for neptunium oxidation. Parti- 
tion of uranium from neptunium is then effected in 
the second-cycle hexone extraction column by addi- 
tion of Fe(SO,NH,), to reject neptunium to the raffi- 
nate stream. The accumulated raffinate stream is 
then processed in a separate operation for neptunium 
recovery and concentration by the flow sheet shown 
in Fig. 2, in which neptunium is to be extracted from 
the raffinate, after Cr(VI) oxidation, with 5% TBP in 
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diluent, stripped with 0.01 N HNO:, and concentrated 
by evaporation. About 1.1 kg of 237Np was separated 
in this manner from aluminum and zirconium fuel- 
process streams and is awaiting final purification and 
concentration. 

In other work on neptunium recovery, Colvin of 
Isochem Inc. has proposed’ the use of ceric am- 
monium nitrate as an oxidant to convert neptunium to 
the hexavalent state in acid-deficient solutions of the 
type encountered in the Redox process’® fi.e., 1.5M— 
2M AI(NO,)3]. Since cerium may form a ceric di- 
chromate precipitate in acid-deficient solutions, or a 
cerous precipitate in highly acid-deficient solutions, 
chromium must first be removed by a reducing 
cycle. The reducing cycle may comprise addition of 
an excess of NaNO», followed by boiling to destroy 
excess nitrite, and the addition of Fe(SO;NH,), to 
reduce neptunium to extractable Np(IV). After hexone 
extraction and stripping of neptunium, in which addi- 
tional separation of plutonium is effected, neptunium 
is oxidized to Np(VI), with 0.0147 (NH,),Ce(NOs), in 
1.5M Al(NO3)3 solution which is 0.16 acid-deficient, 
for another cycle of hexone extraction at a tempera- 
ture not above 35°C to minimize cerium and nep- 
tunium reduction and volatilization of ruthenium. 


lon-Exchange Processes 


Uranium-233 in nitrate solution may be concen- 
trated from a 5 g/liter product to a 35 g/liter 
product by cation exchange with Dowex 50W-X8 
resin. Radiation-damaged Dowex 1 and Permutit SK 
ion-exchange resins may be dissolved in alkaline 
KMnQ, for transfer to liquid-waste-storage tanks. 


CATION -EXCHANGE CONCENTRATION OF *3U 


A TBP extraction process for the separation and 
decontamination of *°U from irradiated thorium, for 
application at the Savannah River Plant, has been 
described by Prout and Symonds.’ The uranium 
product is about a 0.254 HNO; solution containing 
5 g of 33 per liter. A procedure for concentration of 
this product by cation exchange is given by Burney.”” 
It consists of passage of the product solution through 
a bed of Dowex 50W-X8 resin to achieve near 
saturation (the saturation value is given as 118 g of 
uranium per liter of resin), followed by elution with 
2M NH,NO;—1M HNO;. About 75% of the absorbed 
uranium is recovered at a concentration of 35 g of 
uranium per liter; 15% of the uranium is eluted ata 
lower concentration as a recycle fraction, and 10% 
remains on the bed. Procedures for precipitation of 
ammonium uranate from the concentrated product and 
for calcination of the uranate to UO; are also given. 


PERMANGANATE DISSOLUTION 
OF ION-EXCHANGE RESINS 

In the recovery of neptunium and the higher trans- 
uranic elements at the Savannah River Plant,”! ion- 


exchange resins are used for isolation and concen- 
tration of the products. Since the resins are subjected 
to the intense alpha activity of these materials, they 
have a relatively short life compared to their use for 
processing conventional materials due to their break- 
down under irradiation. Consequently their disposal 
as radioactive waste becomes necessary. It is con- 
ceived that, if the waste resins are deposited in the 
large mild-steel waste-storage tanks used at this 
location for alkaline wastes, they might form a layer 
at the bottom of the tank in which CO, produced by 
radiolysis would form bicarbonate, resulting in lo- 
calized corrosion. Consequently it was desired to 
develop a plant procedure to dissolve the resins 
prior to disposal in order that the liquefied waste 
resins could be transferred to the tank wherein the 
solution would be relatively uniformly dispersed and 
local bicarbonate concentrations would not develop. 

Such a procedure was devised by Snyder” of 
Savannah River. It consists of dissolution of the 
resins by reaction at 70 to 100°C with a solution 
containing 6% KMnQ, (33 to 100 ml/ml of resin), 
with the addition of enough 20% NaNO, to be equiva- 
lent to four times the volume of the resin, adjusted to 
bH 9. In laboratory tests with such solutions heated 
1.3 to 6 hr at 100°C, or 7.5 to 21 hr at 70°C, 1.5 to 
4.6 kg of KMnO, was consumed per liter of resin, and 
35 to 91% of the carbon in the resin was converted 
to CO». 

Dowex 1 resin was dissolved in one-fifth to one- 
tenth of the time required for Permutit SK, but less 
of the Dowex was converted to CO). In one test with 
Dowex 1 in which only 10 ml KMnO,/ml of resin was 
used, the resin was dissolved at 100°C in 15 min 
with only 12% conversion of the carbon content. Final 
KMnQ, concentrations varied from 0.0 to 0.37M, de- 
pending upon the amount used. The MnO, produced 
was frequently found in a moderately durable form 
resembling the beads of resin, but somewhat larger 
and containing very little organic matter. 

Treatment with 15.7 HNO;-—0.2M Mn(NO3), also 
dissolved the resin, but was less desirable, since 
about one-fourth of the ruthenium present was vola- 
tilized. In a test of the alkaline KMnO, process with 
Permutit SK which had been in contact with high- 
activity Purex-process waste, the activity was well 
contained in the solution during resin destruction, 
and less than 0.1% of the activity was found in 
distillates. 


Plant and Equipment Design and Operation 


SPECIAL DISSOLVING TECHNIQUES 

On occasion, the economics of recovering fission- 
able material from small batches of special fuels is 
quite marginal because of the high costs of startup 
and operating of full-scale facilities. The ICPP 
solved this problem by using a small hot-cell facility 
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(multicurie cell) for the dissolution step.’ This 
allowed for convenient handling and direct observa- 
tion and permitted retrieval of insoluble residues. 
This also would presumably avoid potential problems 
due to the use of special reagents and procedures in 
the more expensive plant dissolvers. 

One batch of material treated in this manner was 
the meltdown core obtained from operation of EBR-I. 
The original fuel consisted of a U-—Zr alloy in 
stainless-steel cladding, and the melting also in- 
volved the NaK coolant. Consequently a portion of 
this core consisted of a heterogeneous mass of mixed 
U, Zr, Fe, Cr, Ni, Na, and K with only portions of 
fuel pins in their original configuration. The larger 
fraction of the core fuel was unaffected. Batch size 
for dissolving was limited to 1.2 kg (0.8 kg of **°U) 
for nuclear safety. The dissolving reagent was 12M 
in nitric acid and approximately 0.5M in hydrofluoric 
acid. The rate of dissolution was controlled by 
reagent addition rate, and this produced a product 
containing 200 g/liter in uranium. The dissolver was 
purged with nitrogen to avoid any problem from 
hydrogen produced by a NaK~—water reaction. After 
dissolution, the small batches were transferred to a 
plant storage vessel for later recovery in the ex- 
traction section of the ICPP. 


ELECTROLYTIC PRODUCTION 
OF TETRAVALENT URANIUM 


In the separation of plutonium from uranium by 
extraction, it is necessary to reduce the plutonium 
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nitrate.*4 


to the water-soluble state and to leave the uranium 
in the organic-soluble state. This is usually accom- 
plished by adding ferrous ion and a stabilizer but can 
also be effected by uranous ion (U**) which is con- 
verted”® to uranyl ion (UO3*). The use of tetravalent 
uranium has an advantage over ferrous ion in that it 
does not leave solids in the aqueous streams to limit 
the evaporative removal of nitric acid before neutral- 
ization and storage of the residue. 

Nichols of SRL reports on a test of electrolytic 
equipment to produce uranous nitrate. A laboratory 
cell was built (Fig. 3) using a concentric cylinder 
design. A niobium cathode surrounds a sintered 
(porous) aluminum oxide crucible and a tantalum 
anode. 

The laboratory unit was charged with a solution of 
1.15M uranyl nitrate and 6M nitric acid; the cathode 
compartment was made 0.38M in hydrazine to stabi- 
lize the uranous ion product. A uranous ion concen- 
tration of 0.85M was attained with current effi- 
ciencies of 60%. 

A semiworks converter was built using seven 
titanium electrodes with ¥Y,-in. spacing to form six 
cells in an electrical series; there were no separating 
diaphragms (Fig. 4). The solution was then pumped up 
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Fig. 4 Details of electrodes for semiworks converter.”4 
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through the electrode assembly and overflowed into a 
1200-gal vessel in which the electrode assembly was 
mounted. This unit functioned considerably less etti- 
ciently than the laboratory unit, mainly because no 
porous separator was used. However, the author 
reports that the first 4 hr of operation produced a 
solution 0.35M in uranous ion at a rate of 70 lb/hr, 
which could then have been used as feed for a parti- 
tion cycle mixer-—settler. Figure 5 shows the rela- 
tive current efficiency of the units. 
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Fig. 5 Typical production data for semiworks and labora- 
tory converters.“4 


The author includes further data on current utiliza- 
tion, hydrazine consumption, and theoretical data on 
the electrochemical reactions. 
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Volatility Processes 


By J. J. Barghusen 


Fluoride-Volatility Processing 
of UOya—PuO> Fuel 


Of major concern in the development of fluoride- 
volatility processes for low-enrichment fuel is the 
establishment of methods for the separation of ura- 
nium from plutonium and for the recovery of pluto- 
nium. Process development work at Argonne National 
Laboratory (ANL) and at Centre d’Etude de l’Energie 
Nucléarie (CEN) has concerned the application of 
interhalogen compounds to selectively convert ura- 
nium in the fuel to volatile UF, while plutonium is 
converted to nonvolatile PuF,. The interhalogens that 
appear most suitable for this application are CIFs, 
under study at CEN, and BrF;, which is being investi- 
gated at ANL. Process flow sheets describing the ap- 
plication of these interhalogens to the reprocessing of 
oxide fuel materials were presented in the previous 
issue of Power Reactor Technology and Reactor Fuel 


eee 
Processing. 


FLUID-BED FLUORINATION WITH BROMINE 
PENTAFLUORIDE 


The process based on the use of BrF; involves 
four major steps: (1) decladding of the oxide fuel by 
reaction of the Zircaloy cladding with gaseous HCl 
to form volatile ZrCl,, which is subsequently con- 
verted to solid ZrO,; (2) oxidation of the UO,—PuO, 
pellets with oxygen at 450°C to produce a powdered 
mixture of U;0, and PuO,; (3) fluorination of the oxide 
fines with BrF; at 300°C to form volatile UF, and 
nonvolatile PuF,; and (4) fluorination of solid PuF, 
with fluorine at 300 to 550°C toproduce volatile PuFs. 
Final purification of the UF, product is effected by 
fractional-distillation techniques. Plutonium is re- 
covered by thermal decomposition of PuF, to solid 
PuF,. 

Demonstration tests on the O,—BrF;—F, process 
eycle are being carried out in a 2-in.-diameter fluid- 
bed reactor with UO,—PuO, pellets containing fission 
products.” A series of tests was performed to eval- 
uate the reuse of the alumina-bed material and to de- 


termine if it is possible to reduce the plutonium 
concentration in the final alumina bed to less than 
1% of the total quantity of plutonium charged to the 
system. The procedure employed for these tests 
involved the following operations: (1) a batch of UO,— 
PuO, pellets containing fission products was charged 
to the fluid-bed reactor; (2) the pellets were oxidized 
to U;0, and PuO, fines for 4 hr at 450°C with 20 
vol.% oxygen; and (3) the uranium was fluorinated to 
UF, with 10 vol.% BrF; for 2 hr at 300°C. The pluto- 
nium was not recovered but remained in the bed as 
solid PuF,. This procedure was carried out, with the 
same alumina bed, for three batches of pellets; and, 
after the third batch was processed, the plutonium 
was fluorinated to PuF, in a single step by reaction 
with 90 vol.% fluorine. This step was carried out as 
follows: 10 hr at 300°C, 5 hr while the temperature 
of the reactor was increased from 300 to 550°C, and 
3 hr at 550°C. 

The charge for each test was 650 g of UO,—PuO, 
fission-product pellets, 0.6 g of CsF, and 0.16 g of 
RbF (cesium and rubidium were not among the 
fission-product elements in the pellets). The starting 
bed material consisted of 1100 g of 48- to 100-mesh 
alumina. Fifty grams of alumina was added to the 
reactor along with the CsF and RbF at the start of 
the second and third tests. 

The concentrations of uranium and plutonium in the 
final alumina bed after fluorination with fluorine were 
0.003 and 0.009 wt.%., respectively. These values 
correspond to a removal of 99.9% of the uranium and 
99% of the plutonium charged in the three tests. The 
amount of plutonium remaining on the alumina after 
three uses of the same bed was less than two-thirds 
of the amount that would have remained if three 
separate beds had been used for the processing of 
three charges of fuel.” 

Analyses of bed samples taken during the course 
of the plutonium fluorination step indicated that during 
the last 5 hr of fluorination at 300°C very little pluto- 
nium volatilized. Similarly, no further reduction in 
plutonium concentration was observed during the last 
2 hr of fluorination at 550°C. Thus it appears that a 
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shorter fluorination period could be employed for 
plutonium removal: 5 hr at 300°C, 5 hr from 300 to 
550°C, and 1 hr at 550°C. 

Engineering-scale studies at ANL® have shown that 
100-g quantities of plutonium tetrafluoride in a fluid 
bed of alumina can be converted to PuF¢in high yields 
(99%) by fluorination with fluorine at temperatures of 
200 to 550°C. In the presence of large quantities (40 g) 
of CsF (simulating fission-product cesium), the re- 
covery of plutonium as PuF, was siightly less. The 
effect of CsF on plutonium recovery was less marked 
in tests’ that involved the recovery of plutonium from 
material representing the fluid bed after uranium had 
been recovered by fluorination of oxidized UO,—PuO, 
fission-product pellets with BrF,;. In these tests the 
charge to the fluid-bed fluorinator contained 6400 ¢ 
of alumina, 26 g of plutonium, and 3 g of CsF. This 
material was contacted with 80 vol.% fluorine for 9.7 
hr while the temperature of the system was increased 
from 300 to 550°C and for 5.2 hr at 550°C. The final 
bed after fluorination contained approximately 0.01 
wt.% plutonium, which represented the removal of 
about 98% of the plutonium in the charge. 


PILOT-PLANT DESIGN STUDIES 


In connection with the plan of the U. S. Atomic En- 
ergy Commission to construct a hot engineering- 
scale pilot plant at Oak Ridge National Laboratory 
(ORNL) to demonstrate the separation of uranium 
and plutonium from irradiated fuels by volatility 
techniques, workers at the Oak Ridge Gaseous Diffu- 
sion Plant (ORGDP) have been concerned with the 
study of problems associated with the technical feasi- 
bility of process systems, including component de- 
velopment and testing of process equipment. Details 
of recent results in the ORGDP program have been 
published in a summary report.! This report includes 
work on the following subjects: distillation of UF,— 
PuF, mixtures, criticality calculations for UF,—NaF 
and PuO, systems, corrosion studies, and design of 
devices for measuring bed level in a fluid-bed reactor 
and for sampling bed material. 


FLUORINATION WITH CHLORINE TRIFLUORIDE 


Workers at CEN are developing a process for re- 
covery of uranium and plutonium from UO, fuel based 
on the selective fluorination of uranium to volatile 
UF, by the use of Cl1F3 as the fluorinating agent. Plu- 
tonium is recovered as PuF, in a subsequent step by 
fluorination with fluorine. A series of laboratory- 
scale experiments was carried out® to determine the 
effect of UO, stoichiometry on the rate of reaction of 
uranium dioxide with Cl1F3;. In these experiments, 
two types of powdered oxides with oxygen-to-uranium 
atom ratios of 2.07 and 2.005 were contacted with 10 
vol.% CIF; in nitrogen at temperatures of 150 to 
200°C. Within the limits of experimental error, the 


results of these experiments indicated that the rate 
of reaction was not affected by the stoichiometry of 
the uranium oxide. 

One processing cycle under investigation at CEN 
involves decladding of stainless-steel-clad UO, fuel 
by reaction of the cladding with HF —oxygen mixtures 
at 500 to 600°C. In this reaction the cladding is con- 
verted to powdered ferric oxide. Three tests were 
carried out in a 3.4-cm-diameter fluid-bed reactor to 
evaluate the fluorination of UO, with CIF; in the 
presence of ferric oxide. Alumina was the fluid-bed 
material. It was observed in these tests that, when 
a bed material containing 12 to 15 wt.% ferric oxide 
and greater than 25 wt.% uranium oxide was fluorin- 
ated with 25 vol.% C1F; at 300°C, agglomeration and 
sintering of ferric fluoride occurred. This condition 
was avoided in a test in which a bed material con- 
taining 15 wt.% UO, and 12 wt.% ferric oxide was 
fluorinated with 12.5 vol.% C1F; at 100°C. 


Fluorination of Materials 
with Fluorine and Interhalogens 


In a comprehensive study of the reactions of fluo- 
rine and several compounds of uranium and pluto- 
nium, Vandenbussche® measured the kinetics of the 
reactions between fluorine and UF,, UCl;, UO,Fy, 
UO,, U30,, UO;, PuF,, and PuO,. Most of the results 
of this study confirmed reaction-rate data previously 
published in the literature and will not be discussed 
here; however, the results obtained for the reaction 
between UCl; and fluorine are of interest. At tem- 
peratures below 230°C the reaction between UCI; and 
fluorine was observed to proceed rapidly toform UF. 
Only a slight amount of UF, was produced. The ac- 
tivation energy for the reaction was 3.6 kcal/mole. 
At temperatures above 230°C the UF, intermediate 
compound was not observed in thermobalance experi- 
ments. This behavior was attributed to the formation 
of Cl1F3, which, in turn, rapidly fluorinated the ura- 
nium to UF,. The activation energy of the reaction at 
temperatures above 230°C was calculated to be 17 
kcal/mole. 

The kinetics and mechanism of the reaction of 
fluorine with CuO have been investigated by Ritter 
and Smith.’ The reaction was found to take place by 
a diffusion-controlled mechanism at temperatures 
between 82 and 151°C and at fluorine pressures 
between 40 and 800 mm Hg. The controlling mecha- 
nism involved the diffusion of the reacting species 
through a solid spherical shell of CuF, surrounding 
particles of CuO. It was observed that the reaction 
rate was inversely proportional to the square of the 
initial particle radius. In the pressure range investi- 
gated, the reaction rate was proportional to the 
square root of the fluorine pressure. The activation 
energy of the reaction was 16.3 kcal/mole. 

In a study ot the kinetics ot the fluorination of iron, 
O’Donnell’ observed that, at temperatures between 
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225 and 525°C and at fluorine pressures between 15 
and 200 torrs, the reaction followed a logarithmic 
rate law. The product of the reaction was identified 
as FeF3;; in no case was FeF, detected. The effect of 
fluorine pressure on the logarithmic rate constant 
varied with reaction temperature, At 525°C the order 
of the reaction with respect to fluorine pressure was 
0.87, whereas at 225°C the order was 0.48. An ac- 
tivation energy of 2 kcal/mole was calculated for the 
reaction. The most likely mechanism of FeF; forma- 
tion is movement of fluorine through defects in the 
FeF;, film to the iron surface. 

The reaction of C1F; with UO,.F, has been studied 
by Shrewsberry and Williamson’ in the temperature 
range 77 to 165°C. The stoichiometry of the reaction 
was found to be represented by the equation: 


2C1F; + UO,F, — ClO,F + CIF + UF, 


Details of this work have been presented in Reaclor 
Fuel Processing.1°" 

Workers at the Paducah Gaseous Diffusion Plan 
have investigated the reaction of a complex uranium 
compound, U3;0;F;, with ClF3;. The compound U;0; Fs, 
was prepared by the reaction of H,O with a large 
excess of UF,;. The material was readily hydrolyzed 
to UO,F>, and therefore all subsequent manipulations 
were performed in a dry box. It was observed" that 
the products of the reaction between U;0,F, and C1F3 
were CIF, ClO,F, and UF,, the same as those re- 
ported*" for the UO,F,—C1F 3 reaction. However, the 
stoichiometry of the two reactions was different. Also 
observed was a secondary reaction involving C1F 
which was similar to the behavior previously noted?! 
in the UO,F,—C1F3 reaction. The reactions involving 
U;0;F, can be represented by the following equations: !” 


12 


10C1F; + 2U;0;F, — 5CIF + 5C10,F + 6UF, 


25C1F + 2U;0;F, — 5C10,F + 10Cl, + 6UF, 


Workers at ANL'® have studied the fluorination of 
NpO, to NpF¢ with fluorine and with BrF; to establish 
the mechanism of the reaction and to compare the 
mechanism with that observed in the fluorination of 
UO, and PuO,. The fluorination of UO, to UF, either 
with fluorine or with BrF; proceeds through the for- 
mation of UO,F, as an intermediate compound. In 
contrast, the fluorination of PuO, to PuF, with fluorine 
proceeds through the formation of PuF,. In this study 
powdered NpO, was exposed to pure fluorine at 310°C 
and to 33 vol.% BrF; in nitrogen at 350°C. In both 
experiments the major portion of the solid residue 
was converted to NpFy. X-ray diffraction analysis 
indicated that the only solid phases present were 
NpF, and NpO,. Thus in this respect the mechanism 
of the fluorination of NpO, is similar to that of PuO,. 
Also, it appears that a secondary reaction of NpF, 
with NpO,, analogous to that exhibited'* by UO,, is not 
significant in the fluorination of NpO,. 


Complex Fluorides of Actinide Elements 


The fluorides of the actinide elements Th, U, Np, 
and Pu form a complete series of complex compounds 
with alkali-metal fluorides. The reaction of UF, with 
NaF to form UF,* 2NaF is the basis of a method for 
decontaminating UF, producedby volatility techniques. 
Peka!® has reported the results of a study of the re- 
action of UF, with NaF and other alkali and alkaline- 
earth fluorides. In other work Salzer‘® has investi- 
gated preparation methods and properties of the 
double fluorides of some actinide elements with the 
general formula M(II)M(IV)F, [where M(II) represents 
Ca, Sr, Ba, Pb, Cd, or Eu and M(IV) represents Th, 
U, Np, or Pu]. It was observed that the solubility of 
MF, in M(II)M(IV)F, was between 25 and 27 mole %. 
In the course of this study, the lattice constants of 
the double fluorides were obtained. 

Several recent publications have reported the lat- 
tice constants of several complex fluorides of actinide 
elements. Keller and Schmutz!’ and Schmutz!® have 
reported the structures of the compounds LiF+ NpFy, 
LiF+ PuFy, 2NaF+NpF,, and 2NaF* PuF, and com- 
plexes of the type 7MF*6Np(or Pu)F,, where M is 
sodium, potassium, or ribidium. The lattice con- 
stants for 2NaF* UF, (Ref. 19), tetravalent actinide 
fluoride complexes of lithium fluoride,” and com- 
plexes of the type 7NaF*6MF,, where M is Np, Pu, 
Am, and Cm (Ref. 21), have been published. 


Properties of Volatile Fluorides 


In an attempt to synthesize the hexafluorides of Re, 
Os, Ir, and Pt in high yield, Slivnik, Smalc, and 
Zemljic” employed a preparation technique based 
on the reaction between the powdered metals and 
high-pressure fluorine (up to 60 atm) at tempera- 
tures up to 500°C. The method was successful in 
preparing the four hexafluorides in yields greater 
than 90%. 

O’Donnell and associates”*’”* have published the re- 
sults of an extensive study of the reactivity of transi- 
tion metal fluorides. It was observed’ in chemical 
reactions of CrF;, MoF,, and WF, with a variety of 
materials that in all cases CrF; was much more re- 
active than MoF; and, by comparison, WF, was inert, 
differing markedly in its chemical reactivity from 
MoF,. In comparison,”* UF, exhibited a higher reac- 
tivity than MoF, but was considerably less reactive 
than CrF;. A similar study” involving the penta- 
fluorides of vanadium, niobium, and tantalum showed 
that the reactivity of the fluorides decreases in the 
order VF;, NbF;, TaF;. In other work Gortsema and 
Toeniskoetter”® investigated the reactions of PtF, 
with nitrosyl fluoride, nitryl fluoride, nitric oxide, 
and dinitrogen tetraoxide and characterized the struc- 
tures of the solid products. 

The vapor—liquid equilibria of the binary system 
UF,—NbF; have been reported by Pitt.2” Equilibrium 
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data were obtained at 150°C to show the dependence 
of total pressure on liquid-phase compositions. The 
isobaric dependence of boiling point of the binary 
mixture on liquid composition was measured at 5,92 
atm. The results of the study showed that the UF; — 
NbF, system exhibits a large positive deviation from 
Raoult’s law but does not have an azeotrope between 
2 and 99.5 mole % UF. In the course of this work, the 
critical constants for NbF; were determined experi- 
mentally to be: critical temperature, 464°C; critical 
pressure, 62 atm; critical molar volume, 0.154 liter; 
critical density, 1.21 g/cm’; and compressibility fac- 
tor, 0.158. 

Trevorrow and associates” have employed thermal- 
analysis techniques to determine melting points of 
UF,—PuF, mixtures containing 0 to 100 mole % PuFy,. 
The solid—liquid equilibria were observed to involve 
a continuous series of solid solutions. No eutectic, 
minimum melting mixture, or 
mixture was found in this system. 

Molal freezing-point depressions have been deter- 
mined? for binary systems of UF, with trichloro- 
heptafluorobutane (C,Cl;F;), perfluorodimethylcyclo- 
hexane (C,Fy.), dichlorotetrafluoroethane (C,Cl,F,), 
and hydrogen fluoride. Constants of 19.4, 19.6, 19.2, 
and 18.8°C per mole of solute added to 1000 ¢g of 
UF, were observed for the four solutes, respectively. 

The heats of formation of gaseous WF, and PF;, 
measured by combustion of the elements in a fluorine 
bomb calorimeter, have been reported by O’Hare and 
Hubbard.*’*! The enthalpy of formation of gaseous 
WF, at 25°C was determined” to be —411.5 + 0.4 
kcal/mole. The heat of combustion of alpha-white 
phosphorus in fluorine to form gaseous PF; at 25°C 
was found*®! to be —380.8+0.3 kcal/mole. Gross, 
Hayman, and Stuart®’ obtained a value of —381.4 + 0.8 
kcal/mole for the heat of formation of gaseous PF; at 
25°C from alpha-white phosphorus. In a recent paper 
Maslov and Maslov™ have estimated the heats of for- 
mation of the halides of the actinide elements at 25°C. 


maximum melting 
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Compact Pyrochemical Processes 


By T. R. Johnson 


Pyrochemical fuel-recovery processes are a class 
of procedures that use liquid metals and salts as the 
media in which separations are effected. Typical 
liquid-metal solvents are alloys of Mg with Cu, Cd, 
Zn, or Cd—Zn; typical salts are mixtures of the 
chlorides and fluorides of alkali metals and alkaline 
earths. Most of the developmental work on pyro- 
chemical processes is directed toward the recovery 
of fast breeder fuels because the advantages of these 
processes should be particularly beneficial in fast 
reactor fuel cycles. Pyrochemical processes are 
capable of treating short-cooled, high-burnup fuels 
in a minimum of shielded space with less restrictive 
criticality limits than aqueous processes. Since these 
processes ordinarily do not provide complete fission- 
product removal, all handling operations including 
fuel refabrication must be done remotely. 


Liquid-Metal—Salt Extraction Processes 


Several pyrochemical processes are being studied 
in which separations of fuel materials from fission 
products are done principally by extractions between 
metal and salt phases. The separations are based 
primarily on equilibrium oxidation—reduction reac- 
tions between the two phases. The application of 
liquid—liquid extraction to the EBR-II skull-reclama- 
tion process! and cadmium solvent processes” has 
been described previously. Current work is sum- 
marized below. 


SALT-TRANSPORT PROCESSES 

Current investigations of pyrochemical processes 
at Argonne National Laboratory (ANL) are related to 
flow sheets that incorporate a salt-transport step. 
The reference flow sheet for the recovery of uranium 
and plutonium from fast breeder reactor fuels was 
described in detail in the preceding issue of Power 
Reactor Technology and Reactor Fuel Processing.” In 
this process the declad, oxidized fuel is contacted 
simultaneously with a salt phase (a mixture contain- 
ing some MgCl, and MgF,) and a metal phase (Cu—35 


wt.% Mg). In this step the more reactive fission 
products (Cs, Rb, Sr, Ba, and the rare earths) are 
extracted into the salt, which becomes a waste 
stream, while the uranium, plutonium, and the re- 
maining nonvolatile fission products are reduced and 
extracted into the metal phase. During the reduction— 
extraction at 750°C, the uranium precipitates, but the 
plutonium, which is soluble in the metal phase, does 
not coprecipitate.‘ Coprecipitation would be undesir- 
able because in a salt-transport step that follows, the 
plutonium must be in solution in order to separate it 
from the remaining fission products and uranium. The 
salt-transport step involves the selective extraction 
of solutes from one solvent metal (the donor) irto a 
second metal (the acceptor) through a molten salt 
(the carrier salt). If the proper compositions of the 
donor and acceptor alloys and the carrier salt are 
employed, uranium and plutonium can be separated 
from zirconium and the more noble fission products 
(which remain in the donor alloy), and plutonium can 
be separated from uranium. In the salt-transport step 
of the present flow sheet, the Cu—Mg alloy from the 
reduction—extraction step serves as the donor alloy, 
a salt mixture containing MgCl, is the carrier salt, 
and Zn—5 wt.% Mg alloy is the acceptor alloy that 
extracts the plutonium from the salt. After removal 
of the plutonium, the precipitated uranium is isolated 
by decanting the salt and alloy and washing away the 
residual copper alloy and the remaining fission 
products with magnesium. Remaining solvent metals 
are removed from the final uranium and plutonium 
products by vacuum retorting. 

A satisfactory transfer of an element from the 
donor alloy to the acceptor alloy by a salt-transport 
operation requires that (1) the solubility of the ele- 
ment in the donor alloy be high, (2) its distribution 
coefficient between the carrier salt and the donor 
metal (wt.% element in salt/wt.% element in metal) 
be large, indicating a preference for the salt phase, 
and (3) its distribution coefficient between the carrier 
salt and the acceptor alloy be low, indicating a pref- 
erence for this metal phase. Copper—magnesium 
alloys are favored for donor alloys when a MgCl,- 
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based carrier salt is used because the distribution 
coefficients for plutonium and uranium are high and 
the separation factors between Pu—U and fission 
products are large for this system. 

The influence of the plutonium concentration in the 
donor alloy on the plutonium distribution coefficient 
between 50 mole % MgCl,—30 mole % NaCl—20 mole 
% KCl and Cu—33 wt.% Mg was investigated.” The 
measurements were conducted at 600°C, and the 
plutonium content of the donor alloy was varied from 
8x 107? wt.% to 5 wt.%. The distribution coefficient 
(wt.% Pu in salt/wt.% Pu in metal) was independent 
of the plutonium concentration and had an average 
value of 0.51 +0.05, which is adequately high for 
salt-transport processes. These results indicated 
that a plutonium salt-transport step using the Cu—33 
wt.% Mg donor alloy would proceed satisfactorily at 
both high and low plutonium concentrations and would 
result in high plutonium recoveries. 

One of the fission products that is separated from 
plutonium in the salt-transport step is zirconium, 
which remains in the donor metal phase whereas 
plutonium is extracted into the carrier salt. Recently 
a new measurement was made of the zirconium dis- 
tribution between Cu—Mg alloys and 50 mole % 
MgCl,—30 mole % NaCl—20 mole % KCl, using irra- 
diated zirconium to improve the analytical sensitivity. 
The zirconium distribution coefficients were found’ 
to be of the order of 10-* inthe following metal-phase 
compositions at the indicated temperatures: 35.4 
wt.% Mg at 600°C, 34.5 wt.% Mg at 700°C, and 6.6 
wt.% Mg at 800°C. Zirconium solubilities in alloys 
of these compositions were: 0.25 wt.% at 600°C; 1.1 
wt.% at 700°C; and 4.6 wt.% at 800°C. These solu- 
bilities indicated that fission-product zirconium can 
be separated from uranium by decanting the donor 
alloy from the precipitated uranium. 

The recovery of 237Np bred in fast reactors may be 
economically attractive because this nuclide is used 
to produce °38pu, which is an important isotopic power 
source. Distribution coefficients for neptunium were 
determined at 600 and 700°C between liquid Cu—33 
wt.% Mg alloy and MgCl,-based chloride salts. The 
coefficients were quite similar to those for plutonium 
and were found to decrease with temperature. Nep- 
tunium will follow plutonium in the present reference 
flow sheet. 

The behavior of plutonium at the acceptor side of 
the salt-transport step was determined by measuring 
the distribution coefficients of plutonium at several 
temperatures for the system 50 mole % MgCl,—30 
mole % NaCl—20 mole % KCl and a Zn—Mg acceptor 
alloy saturated with plutonium.‘ The magnesium con- 
centrations in the Zn—Mg alloys ranged from 1 to 
20 wt.%. Minimum values of the distribution coeffi- 
cient (wt.% Pu in salt/wt.% Pu in metal), which were 
obtained with an alloy containing about 5 wt.% Mg, 
were 7.4x 10 at 600°C, 1.5 107° at 700°C, and 
7.6 x 10° at 800°C. The solubility of plutonium in the 


Zn—5 wt.% Mg alloy was found to be 0.31 wt.% at 
600°C and 2.4 wt.% at 700°C. The combination of 
small values of the distribution coefficient and solu- 
bility indicated that the Zn—5 wt.% Mg alloy would 
be an excellent plutonium acceptor alloy for use with 
the Cu—33 wt.% Mg donor alloy at temperatures up 
to about 700°C. 

A thermodynamic analysis’ of these solubility and 
distribution data indicated that two Pu—Zn inter- 
metallic phases exist in the Pu-Zn—Mg system. One 
phase is PuZn,., which is the solid phase in equi- 
librium with the binary Pu—Zn solutions below about 
710°C and with the ternary Pu-—Zn-—Mg solutions 
containing less than 7.0 wt.% Mg at 600°C and 2.4 
wt.% Mg at 700°C, The other phase is Pu,Zn,;, which 
is the equilibrium solid phase in the binary Pu—Zn 
alloys above about 710°C and in ternary Pu- Zn—Mg 
alloys containing more than 7.0 wt.% Mg at 600°C, 
2.4 wt% Mg at 700°C, and 0 wt% Mg at 800°C. 

In recent investigations® of containment materials 
for process solutions, specimens of niobium in the 
form of agitator blades were exposed at 750°C for 
156 hr to a metal—salt system consisting of Cu—33 
wt.% Mg—1 wt.% U and 50 mole % MgCl,—30 mole % 
NaCl—20 mole % KCl. The niobium specimens were 
resistant to corrosion and retained their ductility. 
The specimens were penetrated less than 0.01 mm, 
and after exposure they still could be bent nearly 
180° without cracking. 

The present experimental facilities at ANL sup- 
porting the engineering studies of salt-transport 
processes have been described.® These facilities in- 
clude a pilot plant to demonstrate the salt-transport 
process with up to 100 g of plutonium, an instru- 
mented, pumped salt loop to test process equipment 
and instruments, a furnace to study the removal of 
the uranium product from the retort vessel by hy- 
driding, and a facility for purification of chloride 
salt mixtures. Another recently issued ANL progress 
report’ summarizes the work during the first half 
of 1966 in the Chemical Engineering Division related 
to metal—salt solvent processes. 


ALTERNATIVE PROCESSES FOR MOLTEN SALT 
BREEDER REACTOR FUEL 


Liquid-metal extraction processes for treating the 
molten fluoride fuel of a molten-salt breeder reactor 
(MSBR) are being studied at Oak Ridge National 
Laboratory as possible supplements and alternatives 
to fluoride-volatility and salt-distillation processes.° 
The extraction operations would be used primarily to 
recover the solvent salts after the fissionable mate- 
rials have been removed. 

In most of the earlier tests? with a molten salt 
having the composition Li,BeF,, the lanthanides 
were removed by a reductive coprecipitation with 
beryllium to yield insoluble beryllides that deposited 
at the salt—metal interface. This study has been ex- 


POWER REACTOR TECHNOLOGY and REACTOR FUEL PROCESSING, Vol. 10, No. 2, Spring 1967 





NONAQUEOUS PROCESSING 167 


tended to include a reduction—precipitation step with 
lithium or beryllium as reductant followed by a 
physical separation of the precipitated metals by 
filtration or settling.'° Decontamination factors were 
determined in the temperature range of 550 to 600°C 
for Zr, Nd, La, Sm, Eu, Gd, and Sr, either singly or 
in various combinations; initial concentrations in the 
salt were 30 to 1000 ppm. Other studies of the extrac- 
tion method were made with liquid Li—Bi alloys. 

When either lithium or beryllium was used as the 
reductant, decontamination factors (DF) for the re- 
moval of lanthanum and gadolinium from molten 
Li,BeF, were of the order of 10. This range of lantha- 
num and gadolinium removals would be adequate for 
the treatment of the fuel from a MSBR. The amount 
of reductant required to achieve these removals was 
one to four times that theoretically required to pre- 
cipitate the beryllide, LnBe,3;, which was the inter- 
metallic formed when a lanthanide in Li,BeF, was 
reduced with either lithium or beryllium. A 40-fold 
excess of beryllium was required to obtain adequate 
neodymium reductions (required DF >40). Zirconium 
also was removed from the fluoride salt solution by 
treatment with either lithium or beryllium. The re- 
duced zirconium was deposited either as the free 
metal, or, in very dilute solutions, as ZrBe». In the 
initial screening tests with this reduction—precipita- 
tion procedure, samarium, europium, and strontium 
were not reduced in adequate quantities. 

By contacting the molten fluoride salt with a liquid 
Li-—Bi alloy, adequate decontamination of the salt 
phase was achieved for La, Eu, Gd, and Sr but not 
for Sm. The high decontamination factors were gen- 
erally caused by precipitation of beryllides at the 
salt—metal interface rather than by dissolution in the 
metal phase. 

Extractive methods for removing protactinium from 
the blanket of a molten-fluoride breeder reactor have 
been summarized in a recent report." The addition 
of thorium oxide to a LiF—BeF,—ThF, mixture con- 
taining a tracer concentration of 33D (less than 0.1 
ppb) precipitated the protactinium, and treatment of 
the mixture with HF redissolved the protactinium. 
Equilibration of molten LiF—ThF, containing 26 ppm 
%31pq with a molten Pb—Th alloy resulted in the re- 
moval of 99% of the protactinium from the salt phase 
but only a fraction of the reduced protactinium was 
found in the molten metal. A small amount of prot- 
actinium was then transferred from the molten 
metal to the salt mixture by hydrofluorination. Expo- 
sure of solid thorium metal to molten LiF—ThF, 
containing 20 to 30 ppm 31a precipitated 81 to 98% 
of the protactinium. More than half of the reduced 
protactinium was found in the unfiltered salt mixture, 
probably associated with small metal particles that 
had been produced when the salt was treated initially 
with HF and then with hydrogen. Again, nydrofluo- 
rination of the mixture redissolved the protactinium. 


SLAGGING PROCESS 


High-temperature slagging processes involve the 
selective oxidation of more reactive components from 
a liquid-metal phase that is usually molten uranium 
or plutonium. Melt refining, which is being used to 
reprocess fuel from EBR-II, is an example of oxide 
slagging that forms a solid oxide phase. Rare-earth 
fission products are oxidized preferentially and re- 
moved from molten uranium by reaction with zirco- 
nium oxide. Recent work on melt refining of EBR-II 
fuel is summarized in a recent progress report.’ 
Halide slagging processes that have been studied 
extensively involve the reaction of metal-phase com- 
ponents with components of a liquid chloride or fluo- 
ride salt. Examples of oxide slagging’” and halide 
slagging'® processes have been described in earlier 
reports. 

A slagging process may be feasible for the separa- 
tion from plutonium of americium, which grows into 
plutonium as the result of beta decay of “Pu, The 
distribution of americium between liquid plutonium 
metal and an equimolar mixture of NaCl—KCl has 
been measured‘ with an amount of PuCl, added to 
the salt ranging from 0.006 to 0.02 mole fraction. 
The equilibrium data indicated that the americium 
was present in the salt as AmCl,. The measured 
equilibrium constants based on concentrations ex- 
pressed in mole fractions are: 











___ (mole fraction AmCl) Temp., 

(atom fraction Am)(mole fraction PuCl,)* °C 
77.2 698 
73.0 730 
67.6 775 





Russian investigators have described’® a process 
similar to halide slagging in which uranium or pluto- 
nium metal was oxidized by reaction with alkali- 
metal fluorides. The general reaction is 


U+3 AF = 34+ UF; 


where A is an alkali metal, lithium, sodium, or potas- 
sium. Although the reaction of uranium metal with 
alkali fluorides has a large positive free-energy 
change, the reaction can be forced to go to the right 
by removing the alkali metal by evaporation at high 
temperatures. This procedure could be used to sepa- 
rate uranium from less reactive fission products and 
to separate plutonium from uranium. 

The experiments described showed that uranium 
metal reacted readily with molten alkali fluorides at 
temperatures above the melting point of uranium. At 
1100°C in 15 min, 1-g samples of uranium were 
completely oxidized to UF; by potassium fluoride or 
sodium fluoride. Complete reaction with lithium 
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fluoride required higher temperatures and longer 
times. Reaction rates of the order of 0.01 to0.1 ¢ 
U/(cm)*(min) were found with a variety of salt mix- 
tures and at various temperatures. With the LiF—KF 
eutectic, a reaction rate of about 0.01 g U/(em)?(min) 
was found at 850°C. The reaction rate was decreased 
by the addition of CaF, to the salt melt and by in- 
creasing the ratio of uranium to salt. The rate could 
be increased by agitation. 

When 20-g samples of U—Pu alloys (0.3 mg Pu/g 
U) and Cu—Ni—Pu alloys (0.16 to 1.0 mg Pu/g alloy) 
were exposed to LiF—CaF, (1:10 weight ratio) at 
1250°C for longer than 10 min, more than 95% of the 
plutonium was extracted into the salt phase whereas 
less than 10% of the original uranium was extracted. 
The rates of plutonium transfer were in the range of 
0.01 to 1 mg Pu/(cm)*(min), and the rate was only 
slightly influenced by mixing. When irradiated ura- 
nium was contacted with LiF—CaF, at 1250°C, rare- 
earth, alkali metal, and alkaline-earth fission prod- 
ucts were removed into the salt phase. 


INTEGRATED PROCESS FOR A 
LIQUID-METAL FUEL REACTOR 

A patent!® was recently granted to Teitel and to the 
Dow Chemical Co., for an integrated core-blanket 
fuel-recovery process that would be particularly 
applicable to a liquid-metal-fuel reactor. Fission- 
able material formed in the blanket is transferred 
promptly and efficiently to the fuel system. The 
blanket is of liquid metal, such as bismuth ora 
Bi-—Pb alloy containing a dispersion of a fertile 
material, such as thorium. The field blanket is 
disposed around the reactor core or even within the 
core. Provision is made within the shielded region 
for continuously or periodically processing both the 
blanket and the fuel to remove fission products and 
to recover the fissionable material bred in the 
blanket. Fused-salt media are used for the pro- 
cessing; all fluid-metal and -salt outlets and inlets 
to the processing vessels are controlled by freeze 
valves; and the transfer of liquids is by gravity flow 
or displacement by inert gas. 


Electrolytic Processes in Liquid Salts 


SALT-CYCLE PROCESS 


The salt-cycle process was developed at Hanford 
as one phase of the Plutonium Recycle Program. It 
was based on the use of molten chloride salts as re- 
action media for the dissolution of irradiated oxide 
fuels and the electrolytic deposition of crystalline, 
reactor-grade UO,—PuO, solid solutions and UO). 
The process and its development have been described 
in a previous issue of Reactor Fuel Processing." 

The salt-cycle process as developed at Hanford 
used large quantities of chlorine and HCl as dis- 


solving and melt-conditioning agents, and produced 
chlorine as a by-product of the electrolysis steps. 
Treatment of the off-gas by caustic scrubbing and 
neutralization was considered to be impractical be- 
cause large quantities of radioactive-waste caustic 
solution would be produced and because it was eco- 
nomically desirable to recycle the chlorine and HCl 
in the off-gas streams. In addition, the processing 
of short-cooled fuel from power reactors would re- 
quire high decontamination factors for ‘I, which 
might have been difficult to achieve by caustic scrub- 
bing. A study of low-temperature liquefaction as a 
means of recovering the chlorine has been reported. !® 
This technique would permit a large reduction in 
caustic waste volumes and chlorine costs, and scrub- 
bing the off-gas with liquid chlorine would be a 
means of removing iodine from the off-gas. 

Engineering-scale tests of liquefaction at —100°C 
showed chlorine recovery to be nearly 100% of that 
theoretically obtainable. The volatility of an iodine 
compound should limit the removal of '‘I from the 
gas stream by the liquid-chlorine scrubber. Reaction 
of iodine with liquid chlorine forms a precipitate of 
ICl,;, which subsequently volatilizes with decomposi- 
tion to form ICl vapor. However, the observed vola- 
tilization of iodine in the pilot-plant apparatus re- 
sulted from incomplete contact of the off-gas with the 
liquid chlorine. Based on estimated equilibrium con- 
stants at 0°C and —45.2°C, iodine decontamination 
factors should be high enough to permit the release 
of the scrubbed off-gas to the atmosphere if good 
contact is achieved between the off-gas and liquid 
chlorine. 

A German patent!’ has been granted for an elec- 
trolytic procedure that is related to the salt-cycle 
process. In this procedure UO; is first reacted with 
HCl gas in a molten-salt mixture (LiCl—KCl or 
NaCl—KCl—MgCl,). The resulting UO,Cl, solution is 
electrolyzed at temperatures between 500 and 600°C 
to obtain crystalline UO,. 


ELECTROLYTIC DISSOLUTION OF UC 


A study related to the electrolytic dissolution of 
uranium monocarbide in fused salts has been pub- 
lished recently.” The anodic polarization of a UC 
electrode at 500°C was investigated. The cathode was 
liquid tin or lead and the electrolyte was the LiCl— 
KCl eutectic with 3 to 8 wt.% UCl;. The characteris- 
tic potentials found in this sytem were limited by 
saturation of the electrode—electrolyte phase bound- 
ary with either UCl,; or UCl, and by the rate of 
elimination of gaseous chlorine. In the potential re- 
gion defined by the UCl, saturation, a limiting current 
of about 2.5 amp/cm? was observed. The phase USng, 
or UPb; was separated on the cathode after a brief 
electrolysis time. The polarization of the two-phase 
cathode Sn—USn; was insignificant up to current 
densities of 50 ma/cm’. 
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Miscellaneous 


PYROCHEMICAL DECLADDING 


An investigation of a pyrochemical method of de- 
cladding oxide fuel elements clad in stainless steel 
was reported’! by Russian workers and has been 
reviewed 
Fuel Processing. m= 


DIRECT REDUCTION OF METAL COMPOUNDS 


A study of the production of Al—U alloys by the 
direct reduction of UF, with aluminum has been re- 
ported.” The reduction of UF, proceeded readily at 
900 to 1200°C, to produce the alloy and A1F3. In this 
temperature range at a reduced pressure, the fluo- 
ride could be removed as volatile ALF. The overall 
yield of uranium was 90%. The carbon content of the 
alloy was 30 to 70 ppm and fluoride concentration was 
about 30 ppm. The physical properties and yield of 
Al—U alloys obtained by direct reduction were as 
good as those of alloys made by addinguranium metal 
to aluminum. 
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SAFETY IN CHEMICAL PROCESSING 





Safety Considerations in the Processing 
of Plutonium and Radioactive Materials 


By J. J. Barghusen and A. A. Jonke 


Compatibility Studies 
of Anion-Exchange Resins 


During the past several years, three instances of 
pressurization and fires have occurred in anion- 
exchange facilities used in purification of plutonium 
from nitric acid solutions.’* The significance of 
these events was the realization that the maximum 
safe operating temperature for plutonium anion- 
exchange systems is substantially lower than previ- 
ously thought and that nitrate-loaded resin flooded 
with liquid is capable of undergoing violent decompo- 
sition with the evolution of gases. 


As part of a program conducted at Hanford to de- 
fine the stability of anion-exchange resins, Fullam® 
investigated the thermal-stability characteristics of 
resins in a vented system. The results of a previous 
study using closed systems were reviewed in the 
Spring 1966 issue of Reaclor Fuel Processing.’ A 
series of tests was performed® to measure the igni- 
tion temperature of small quantities (< 10-ml volume) 
of resin under a variety of conditions. In these tests 
an open glass vial containing the resin sample was 
placed in an oil bath, and the temperature of the bath 
was slowly increased until a thermal excursion oc- 
curred within the resin sample as indicated by a 
rapid rise in the sample temperature. 


The results obtained in this work showed that the 
resin self-ignition temperature was dependent upon 
several factors. 


FORM OF THE RESIN 


Anion-exchange resins are obtained from the man- 
ufacturer in the chloride form and converted to the 
nitrate or other forms by the user. With unloaded 
resins, only the nitrate form showed any ignition 
tendencies. The chloride, sulfate, and hydroxide 
forms simply charred upon heating. 


TYPE OF RESIN 

Three types of resin, Permutit SK, IRA-401, and 
Dowex 1-X4, were tested, and the thermal stability 
varied greatly from type to type. Dowex 1-X4 resin, 
in general, was the most stable resin. 


RESIN CROSS-LINKAGE 


Permutit SK (may be a pyridine) and Dowex 1 res- 
ins are styrene—divinylbenzene polymers containing 
quaternary ammonium or pyridine groups. The extent 
of cross-linkage among the polymer chains that con- 
stitute the resin can be varied from 1 to 10%. It was 
observed that increasing the cross-linkage from 1 to 
10% decreases the resin ignition temperature about 
45°C (from 217 to 172°C for resin washed with 8N 


RESIN LOADING 


When an anion-exchange resin is loaded with 
a nitrate-containing complex [i.e., Pu(NO;)2 or 
Th(NO,)2-], the ignition temperature decreases as 
the loading level is increased (see Fig. 1). Ignition 
temperatures as low as 135°C were obtained for 
resins containing Pu(NO;)2_ ion. Marked differences 
were observed in the type of combustion resulting 
when loaded and unloaded resin samples were ignited. 
With unloaded resin the reaction proceeded slowly, 
and copious quantities of smoke were evolved. When 
the reaction was completed, it was found that each 
resin particle retained its individual identity but was 
completely coked. With plutonium -loaded resin a more 
vigorous reaction was observed. Upon ignition, glow- 
ing resin particles were expelled from the container, 
and in some instances luminous flames were visible. 
The dense white fumes, so evident upon ignition of 
unloaded resin, were much less noticeable. The only 
solid residue observed upon completion of the reaction 
was PuQO,. 
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Fig. 1 Ignitiontemperature as a function of resin loading. 


HEATING RATE 


It was observed that increasing the heating rate 
decreased slightly the temperature at which ignition 
occurred. 


RESIN VOLUME 


The effect of resin volume on ignition temperature 
was determined using water-washed nitrate-form 
Permutit SK resin in spherical vessels having vol- 
umes of 100 to 1000 ml. It was observed that in- 
creasing the geometric dimension of the containment 
vessel lowered the resin ignition temperature. A 
similar effect would be expected for plutonium -loaded 
resin. 


AGING OF RESIN 


The ignition temperatures of used resin were 
higher than those of fresh resin. 


PRETREATMENT OF RESIN 


The manner in which the resin was conditioned 
prior to heating was found to affect the ignition tem- 
perature of the resin. For example, if the resin is 
washed with nitric acid prior to heating, the ignition 
temperature will depend upon the normality of the 
acid; the higher the acid normality, the lower the 


ignition temperature. It was also observed that the 
ignition temperature is affected by the moisture con- 
tent of the resin. Drying the resin atlow temperatures 
(40 to 50°C) appears to lower the ignition tempera- 
ture, whereas drying at temperatures of 90 to 100°C 
raises the ignition temperature. The particle size 
of the resin did not appear to affect the ignition tem- 
perature. 

In the course of this study, Fullam* measured tne 
heat of loading for dichromate and Pu(NO;)%~ ions 
on resin samples. (Dichromate was investigated in 
this study since dichromate was present in the 
anion-exchange resin at the time of the incident in 
the Redox plant.') The heat of loading for dichromate 
was found to be —10.2+0.2 kcal per gram mole of 
Cr,0}7 loaded. Since the rate of loading of dichromate 
is low, the heat-generation rate will be low even 
though the heat evolution per mole of dichromate is 
relatively large. The heat of loading of plutonium 
was determined to be —9.8 + 1.0 kcal per gram atom 
of plutonium loaded. 

Other calorimetric studies involved the measure- 
ment of the heat evolved by degradation of resin in 
the absence of air. A heat of reaction of 210 + 50 
cal per gram of dry resin was obtained for a sample 
of Permutit SK resin in nitrate form which had been 
water-washed and air-dried to < 1% moisture prior 
to testing. The heats of combustion of Permutit SK 
and Dowex 1 resins were measured in an oxygen 
bomb calorimeter. The values for wet drained resin 
and for air-dried resin are shown in Table 1. The 
heat of combustion varies with cross-linkage of the 
resin. The variation of the heat of combustion with 
moisture content is not readily explained. 


Table 1 HEATS OF COMBUSTION OF ANION- 
EXCHANGE RESINS IN OXYGEN 





—AHc, cal/g of dry resin 





Resin Wet drained resin Air-dried resin 





Permutit SK 7250 7100 
Dowex 1-X1 Did not ignite 6450 
Dowex 1-X2 6950 6750 
Dowex 1-X4 7350 7100 
Dowex 1-X8 7750 7360 


Dowex 1-X10 9125 7180 





On the basis of the results of this study, Fullam? 
has made several recommendations that should be 
considered in the handling of nitrate-form anion- 
exchange resins: Anion resin, when not in use, should 
be stored in some form other than the nitrate form 
(i.e., chloride). If the resin must be stored as the 
nitrate form, it should be stored in water. Conversion 
of chloride-form resin to the nitrate form should be 
accomplished with as low a normality nitric acidas is 
practically feasible. Accumulations of dry or drained 
nitrate-form resin should be avoided at all times. 
Nitric acid concentrations in all processing operations 
involving anion resins should be as low as possible. 
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Process operating temperatures should not exceed 
60°C. 


Ventilation and Air-Cleaning Systems 


In all operations that involve handling or processing 
of radioactive materials, careful attention must be 
given to assure the complete containment of radio- 
active aerosols and gases. Several research and de- 
velopment programs are under way to study various 
air-cleaning problems and to develop techniques for 
reliably removing radioactive materials from air 
streams with high efficiencies and low costs. As one 
of a series of reports published by the Nuclear Safety 
Information Center at Oak Ridge National Laboratory, 
Keilholtz> has prepared a complete review of the 
technology of the use of filters and sorbents in air- 
cleaning systems with specific emphasis on their 
application in nuclear installations. The report is 
divided into three principal parts according to the 
methods for trapping radioactive aerosols (including 
solids and mists) and gases generated in nuclear 
installations: 

Part I, Fibrous Filters, is concerned with the high- 
efficiency removal of particles. In this section are 
reviewed the properties of aerosols, filtration theory, 
aerosol sampling, analysis of particles, filter media, 
testing of filter efficiency, and the generation of test 
aerosols for use in testing filters. 

Part II, Sorbents, reviews the mechanisms for the 
sorption of gases and vapors, with particular empha- 
sis on the trapping of fission-product iodine and the 
noble gases. 


Part III, Air-Cleaning Systems, includes the design 
of air-cleaning systems; in-place testing, filter fail- 
ures and their prevention, with emphasis on the 
reduction of fire hazards; and typical engineered 
safeguard systems applicable to the containment of 
fission products, including pressure -suppression con- 
tainment. 

An extensive work by Krupchatnikov, describing 
the problems involved in the design of ventilation 
systems for installations handling radioactive sub- 
stances, which was originally published in Russian 
in 1964, is now available in an English translation.® 
Among the topics discussed in detail are: design of 
internal ventilation systems, design of filters, ex- 
haust shafts or chimneys, and exhaust ventilation 
systems. 
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Revised Regulation on Nuclear Fuel 
Processing Enterprise—Japan 


By J. W. Loeding 


The Japanese Prime Minister’s Office by ordinance! 
(No. 37) totally revised in July 1966 an earlier (1957) 
version of Regulations on Nuclear Fuel Processing 
Enterprise. This report constitutes a comparison, 
where feasible, of the revised version with the 
AEC Rules and Regulations governing the same scope. 
By its title the Japanese regulation indicates that it 
parallels AEC Rules and Regulations, Parts 40, 50, 
and 70 of 10 CFR (Code of Federal Regulations); in 
content, portions of Parts 20, 100, and 140 of 10 CFR 
are also included. 

Generally, the Japanese regulations are quite simi- 
lar to the U.S. counterparts. There are differences, 
to be sure, but it appears that the language of the 
Japanese regulations closely parallels that of the 
USAEC, It is probable that some of the apparent 
“differences” are nothing more than semantic diffi- 
culties occasioned by translation. 

References are made to two Japanese documents; 
one, which is the “Law” (and corresponds to the 
“Act,” i.e., the U. S. Atomic Energy Act of 1954), and 
the other, the “Ordinance”—an enforcement ordi- 
nance defining the extent of governmental control 
exercised by the Japanese government. Further ref- 
erence is made—by allusion—to “other documents 
provided for in the Ordinance.” None of these docu- 
ments was in the possession of the reviewer; how- 
ever, it is believed that sufficient comprehension is 
afforded by the translation of the Regulation on Nu- 
clear Fuel Processing Enterprise to provide at least 
a general comparison. 





Article 1, Definitions 


Article 1 of the Japanese regulations contains 
definitions. Only six definitions (in contrast to the 
USAEC’s approximately 20 definitions) are deemed 
necessary. An example of what may be a discrepancy 
or merely a translation error is shown in the Japa- 
nese definition of “exposure radiation dose,” which 
is defined as the radiation to which an individual is 


exposed during a fixed period. The AEC Rules and 
Regulations define “dose” (10 CFR 20.4) as the radi- 
ation absorbed per unit of mass, or a dose per unit of 
time as the quantity of radiation absorbed per unit of 
mass during such unit of time. 

Where the Japanese speak of “workers” as being 
those individuals whose employment requires entry 
into “control areas,” the AEC Rules and Regulations 
speak of “individuals” in “restricted areas” (10 
CFR 20.101), where “individuals” are any human 
beings. Thus the USAEC avoids differentiating be- 
tween the general public and atomic workers per se. 
Other areas of difference concern the actual listing 
(in the AEC Rules and Regulations ) of allowable dos- 
age for individuals and a listing of the maximum 
allowable concentrations of radioisotopes in effluent 
streams from any facility. The Japanese rules and 
regulations merely refer to these limits as those 
fixed by the Director General of the Science anu 
Technics Agency; such limits are not included in the 
document. 


Article 2, Application for Permission 
for Processing Enterprise 


The terminology and information requested (of the 
licensee) by this article are quite similar to those 
detailed and/or requested in 10 CFR 50.34, 10 CFR 
40.31, and 10 CFR 70.22. It is not clear in Article 2 
that the information requested must be supplied in 
order to obtain a construction permit prior to con- 
struction (as provided for a separations facility, for 
example, under AEC Rules and Regulations). It is 
clear, however, that the information must be supplied 
prior to actual processing operations. Various por- 
tions of Article 2 dealing with funding are roughly 
similar to portions of 10 CFR 140, especially as they 
deal with proof of financial protection (10 CFR 
140.15). For operations during nonstandard condi- 
tions, Article 2 requests information similar to that 
required under 10 CFR 100.10. 


POWER REACTOR TECHNOLOGY and REACTOR FUEL PROCESSING, Vol. 10, No. 2, Spring 1967 








174 SAFETY IN CHEMICAL PROCESSING 


It is interesting to note that, whereas an applicant 
for a production or utilization facility to the USAEC 
must provide a minimum of 43 copies, his Japanese 
counterpart need furnish only 2 carbon copies. (In- 
deed, 2 carbons are the maximum required for any 
submission by a licensee.) 


Article 3, Application for Permission 
for Change 


This article requires the submission of information 
closely paralleling that required in 10 CFR 50.59. 
In essence it duplicates—for a plant or process 
change—the same sort of information required in 
Article 2 previously discussed. 


Article 4, Application for Approval 
for Amalgamation 


The intent of this article is not evident in the re- 
vised regulations. If the information is requested by 
reason of Japanese antitrust laws, the comparable 
AEC Rules and Regulations would be 10 CFR 50.42 
(b), which directs the AEC to take into due account 
the advice provided by the Attorney General prior to 
the issuance of a class 103 license under 10 CFR 50, 
and 10 CFR 50.54 (g), which permits the AEC to 
revoke a license that violates the antitrust laws. 


Article 5, Report on Change 


Reference is made to that portion of the Japanese 
“Law” which defines the actions of a licensee con- 
templating changes, tests, and experiments. It would 
seem that a similar phraseology exists in 10 CFR 
50.59 (b) (“The licensee shall furnish ... a re- 
port ... of such changes, tests, and experiments.’’), 
which requires the same information of a U. S. 
licensee. 


Article 6, Cancellation of Permission 


Again a reference is made to the Japanese “Law.’ 
It is not clear what is intended by this article. It may 
pertain to the duration of a provisional license, which, 
under 10 CFR 50.57 (5)(d), is effective for 18 months 
after issuance but which may be renewed or con- 
verted to an operating license upon good cause. 


Article 7, Records 


This article stipulates the records to be kept by 
the processor and the duration that the records will 
be kept. The records are quite similar to those re- 
quired in 10 CFR 20 relative to exposure of per- 
sonnel and effluent concentrations and quantities of 
radioactivity and also those incorporated in the actual 
license as provided for by —but not stipulated in— 
10 CFR 50.70 and 50.71. 


Article 8, Safety Regulations 


Information requested in Article 8 again requests 
information required in 10 CFR 20 and in 10 CFR 50. 
In essence it amounts to the “safety-analysis report” 
called for in 10 CFR 50.34. 


Article 9, Use of International-Controlled 
Materials 


This article undoubtedly refers to material that is 
under the jurisdiction of the International Atomic 
Energy Agency for the purposes of providing inter- 
national safeguards. The AEC Rules and Regulations 
are silent on this subject. In the case of the only 
commercial separations plant operating in the United 
States to date (Nuclear Fuel Services, Inc.), the 
USAEC has included international safeguards pro- 
visions in a contract with the company. 


Article 10, Collection of Reports 


This article consists in a further delineation of 
those reports required on a periodic basis. In addi- 
tion, specific reports (duplicating those required by 
10 CFR 20.402, 20.403, and 20.405) are required by 
Article 10. Finally, for emergencies, procedures are 
required which will alleviate the problems of public 
safety. These duplicate USAEC requirements in 10 
CFR 50.36 and Appendix A, paragraph N, to Part 50. 


Article 11, Measures in Case of Danger 


This article quotes requirements under the “Law” 
and appears to be very similar to recommended pro- 
cedures at any national laboratory or production 
facility. They are usually found as part of radiation- 
control measures or some Similarly worded com- 
pendium. A proposed change to 10 CFR 50 would 
incorporate the words [10 CFR 50.34 (4)(v)]... 
“Plans for coping with emergencies,” thus making 
such inclusion mandatory. 


Article 12, Termination of Processing 
Enterprise by the Processor 


This article defines the report to be submitted 
following termination of activities at a particular 
facility. Aside from a name-—date—serial number 
approach, the only pertinent data requested are the 
reasons for termination. Under AEC Rules and Regu- 
lations 10 CFR 50.82, a licensee may apply for 
termination of a license only pviov to termination. 
Somewhat more detailed information is requested 
therein than in Japanese Article 12. 


Article 13, Report on Dissolution 


“Dissolution” here refers to corporate dissolution 
or death of the “processing enterpriser” and stipu- 
lates that the successor (of whatever type) shall 
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notify the “Prime Minister within 30 days from the 
date of dissolution or death” as to the details of the 
suspended operations. The USAEC, too, requires 
knowledge, and has the right of approval, of any 
successor to a duly constituted licensee (10 CFR 
50.80 and 50.81). The U. S. successor must, of 
course, conform with all the rules and regulations 
applicable to his predecessor. 


Article 14, Measures Related 
to Cancellation of Permission 


This article follows directly from the preceding 
article and directs that the legal successor “in the 
event there is no successor provided for in paragraph 
1 of Article 18 or 19 of the Law when the processing 
enterpriser has dissolved or died shall ... deliver 
nuclear fuel materials, remove contamination, aban- 
don nuclear fuel materials 

Although this article is not completely clear, it 
appears generally to direct the actions of the legal 
successor. The USAEC viewpoint is presented under 
the preceding article. 

One area not mentioned in the Japanese regulations 
concerns operator licensing. This is a detailed and 


carefully worded section referred to in the AEC 
Rules and Regulations (10 CFR 50) and constitutes all 
of 10 CFR 55. Training and testing requirements are 
established and spelled out in detail. From the re- 
viewed Japanese rules and regulations, one could 
unfortunately conclude that no special training is 
required of comparable operators or technicians in 
Japanese atomic industrial plants. 

In conclusion, the Japanese rules and regulations 
provide fairly faithful adherence to the language of 
various portions of the AEC Rules and Regulations. 
If the Japanese regulations have copied the spirit and 
intent in all cases, it can be concluded that the 
Similarity is deeper than mere words. 

The actual values of limits (in all cases) are not 
shown, and thus comparisons as to actual liberties 
granted to, or requirements of, the licensee are not 
possible. 


Reference 


1. Ordinance of the Prime Minister’s Office No. 37, Regu- 
lation on Nuclear Fuel Processing Enterprise, Japan 
July 19, 1966. 
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WASTE DISPOSAL 





Progress in Waste-Disposal Research 
and Development 


By Phillip Fineman 


treatment of Intermediate-Level-Activity 
Wastes 


INCORPORATION IN ASPHALT 


At Oak Ridge National Laboratory (ORNL), develop- 
ment work is continuing on the asphalt-immobiliza- 
tion of intermediate-level-activity wastes (ILW).*+ 
The process is capable of handling a wide variety of 
ILW, such as waste-evaporator concentrates and 
fuel-decladding wastes. The process is an evapora- 
tion process. It consists of (1) adding the ILW di- 
rectly, with stirring, to emulsified asphalt (which 
contains about 35 wt.% water) in an evaporator ini- 
tially maintained at about 100°C; (2) heating the 
stirred asphalt mixture to about 160°C to evaporate 
the water; and (3) draining the product mixture into 
a steel drum for storage before shipment. In recent 
work,” two types of emulsified asphalt were tested 
with various simulated, nonradioactive ILW solu- 
tions. The first type was a rapid-setting, high- 
viscosity asphalt (type RS-2); the other was a slow- 
setting, low-viscosity asphalt (type SS-1). Both 
asphalts contained nominally 63 wt.% asphalt, 35 
wt.% water, and 2 wt.% emulsifying agent. Asphalt 
products containing up to 80 wt.% salts were prepared 
from both types of emulsified asphalt. Although the 
asphalt products that contained 70 to 80 wt.% salts 
represented high volume reductions (volume of waste 
solution per volume of asphalt product), they were 
not always homogeneous and free flowing. However, 
the products that contained 60 wt.% salts represent 
a good compromise of properties (such as volume 
reduction, homogeneity, and viscosity) and are being 
studied in detail. 

Asphalt products prepared from ILW will be sub- 
jected to self-irradiation from the contained radio- 
activity. Testing has been in progress of the radia- 
tion stability of asphalt products incorporating actual 
ORNL ILW (after concentration in an evaporator).” 


Previous leaching and gas-evolution tests? were con- 
ducted with asphalt products made from ILW contain- 
ing up to 9 curies of radioactivity per gallon. During 
a 5-month period, the products showed satisfactory 
sodium and "Cs leach rates [2 x 10~* g/(em?)(day)] 
and no measurable amount of gas evolved. A new 
series of tests® is planned using products prepared 
from ILW containing from 50 to 500 curies of mixed 
fission products per gallon; these tests are being 
conducted to determine the effect of higher levels of 
radioactivity upon leaching and gas formation. 


Conversion of High-Level-Activity 
Wastes to Solids 


BROOKHAVEN PHOSPHATE-GLASS PROCESS 


The conversion of highly radioactive aqueous 
wastes to a phosphate glass‘ is one of three solidifi- 
cation processes to be tested on an engineering scale 
in a demonstration program?’ at Pacific Northwest 
Laboratory. These tests will be conducted in a multi- 
purpose facility known as the Waste Solidification 
Engineering Prototypes (WSEP). In this glass pro- 
cess, which was developed at Brookhaven National 
Laboratory, phosphoric acid is the only necessary 
additive for a wide range of waste compositions; how- 
ever, metal ions may be added to improve the glass 
characteristics. The phosphate glass is produced 
directly and continuously from the waste solution 
without a separate drying step. 

A test® of the phosphate-glass process was com- 
pleted in the WSEP using simulated Purex-based 
wastes (PW-2) containing nonradioactive fission- 
product elements; PW-2 waste is high in acid (5M) 
and contains iron and sulfate ions from the ferrous 
sulfate used as a reductant in the Purex process. A 
12-in.-diameter mild-steel container was used asa 
final receiver for the phosphate-glass product. In 
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general, overall equipment performance was good. 
Even though operational difficulties were encountered 
in specific equipment items, it was still possible to 
complete the run without shutting down. Modification 
of these equipment items is planned. 

The mild~steel product receiver was cut apart to 
permit examination of the container and the glass 
product. External corrosion of the container, caused 
by high-temperature oxidation of the mild steel, was 
held to less than 3 mils by flowing (0.5 to 1.0 scfm) 
nitrogen past the exterior wall side; no evidence of 
internal corrosion was observed. The product ap- 
peared to be more vitrified (glassy) in the center 
portion than in the portion near the container walls. 


Final Disposal Methods 


DISPOSAL BY HYDRAULIC FRACTURING INTO SHALE 


The injection of ILW into deep, bedded shale forma- 
tions by a hydrofracturing technique’ offers a means 
for the permanent disposal of these wastes. This 
method was developed* and successfully tested with 
actual wastes at ORNL.’ The ILW is mixed with ce- 
ment and other additives to form a grout; the grout is 
then injected under high pressure through a specially 
constructed well into shale formation at a prede- 
termined depth considerably below that at which 
groundwater is encountered (at ORNL this occurs 
between 700 and 1000 ft). The injection pressure 
is sufficiently high so that the shale strata fracture 
horizontally and form thin cracks. The grout fills 
the cracks, which are further extended during the 
course of the injection to form thin grout sheets 
several hundred feet across. The grout solidifies 
and thereby fixes the radioactive wastes in the shale 
formation. In subsequent injections, solidified grout 
Sheets are formed a few feet above and parallel to 
the first grout sheets. 

In December 1966, ORNL placed into operation the 
world’s first hydrofracturing plant!! for the routine 
disposal of its own ILW.f About 80,000 gal of con- 
centrated ILW, containing about 20,000 curies of 
activity (predominantly '*"Cs), were successfully dis- 
posed of by this technique. 


CALCINED STORAGE IN SALT MINES 


Salt mines are being considered for the storage of 
packaged solids resulting from the processing of 





*Oak Ridge National Laboratory has produced a motion- 
picture film that depicts the development of this injection 
technique and shows an actual injection of material into a 
bed of shale.’ The film is available from the AEC’s do- 
mestic (U.S.) and overseas film libraries. ' 

yAt ORNL the ILW is collected, neutralized, and con- 
centrated in an evaporator.!9 It is the concentrated ILW 
that is being disposed of by the hydrofracturing technique. 
An estimated 300,000 to 400,000 gal of concentrated ILW 
is produced per year. 


high-level-activity aqueous wastes.’* A field demon- 
stration of this storage method is being conducted 
by ORNL at the Lyons, Kans., mine of the Carey 
Salt Company. A plan of the experimental area is 
shown in Fig. 1. Irradiated fuel assemblies from the 
Engineering Test Reactor at the National Reactor 
Testing Station, Idaho, serve as a source of irradia- 
tion in lieu of actual solidified wastes. Results of 
the first 50 days of operation, which were reported 
in the Fall 1966 issue of Reactor Fuel Processing,” 
indicated no significant effect of radiation on salt 
flow or stability; the rapidity of the transference of 
thermally induced stresses from the floor, through 
the supporting pillars, and into the rooff was the 
only effect that had not been anticipated. Although 
the magnitude of the movement in the ceiling was 
such that no trouble was expected, consideration is 
being given to the effect of other planned tests (par- 
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Fig. 1 Layout of experimental area.# 


ticularly one involving electric heating of a rib pil- 
lar) on roof stability.!? Because the first 50 days of 
operation with the radioactive sources had shown a 
marked increase in the rate of sag of the 2-ft-thick 
ceiling slab (even in areas beyond the confines of the 
rooms containing the heat sources), some form of 


tIt was necessary to excavate the experimental area 
(see Fig. 1) in a stratum that had a shale parting about 
2 ft up in the roof to avoid possible problems associated 
with water in the interbedded shale layer (parting) in the 
original floor of the Lyons mine.!5 Shale layers are com- 
mon in bedded salt deposits and form planes of weakness.4 
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protection for the entire experimental area was 
sought before startup of the pillar-heating test. Of 
several protective methods considered, roof bolts ex- 
tending through the 20-ft-thick layer into the strata 
above it appeared to be a solution to the problem. 
This was confirmed in a test of a patterned installa- 
tion of bolts spaced 4 ft on centers. Since the test 
results indicated that the bolts would effectively sup- 
port the 20-ft-thick roof layer, some 1700 roof bolts 
were then installed. After installation of the bolts 
was completed, electric heating of the rib pillar was 
started;'® the total power input to the 22 heaters 
buried in the floor around the base of the pillar was 
33 kw. No further separation of the 20-ft-thick salt 
layer from the strata above it was noted during the 
first 45 days that the electric heaters were in opera- 
tion; the roof bolts apparently stopped the separation 
that was taking place. 


General 


TERMINATION OF CONTRACT FOR CONSTRUC - 
TION AND OPERATION OF FISSION-PRODUCTS 
CONVERSION AND ENCAPSULATION PLANT 


The U. S. Atomic Energy Commission (AEC) an- 
nounced!® that Isochem Inc. and the AEC have found 
it mutually convenient to negotiate the termination 
of the contract to construct and operate a large- 
scale commercial facility for the processing and 
marketing of fission products.'" This facility was to 
have been located at the AEC’s Hanford Works near 
Richland, Wash.; it would have utilized the re- 
processing-waste solutions from the chemical pro- 
cessing plants (200 Area)* at Hanford as a source 
of supply of fission products (particularly “Sr, '°"Cs, 
147Dm, and !44Ce), The facility'® was scheduled to be- 
gin commercial operation in late 1968. 

The AEC also stated in this announcement!® that 
Isochem Inc. had previously proposed a delay in the 
construction of the new plant because the cost had 
risen substantially above the original estimate of 
$8 to $9 million and the isotope market that Isochem 
had predicted had not materialized.'® 


THERMAL ANALYSIS OF BURIED TANKS CON- 
TAINING SOLIDIFIED RADIOACTIVE WASTES 


Willingham and Jansen'® at Pacific Northwest Lab- 
oratory have presented a thermal analysis of under- 
ground tank systems in which ILW has been concen- 
trated to a solid cake by in-tank evaporation.!” 


*Isochem Inc. has been operating the 200 Area process- 
ing plants under a separate contract that was closely re- 
lated to the one for the construction of the fission-product 
facility.® This related contract is also being terminated. 
Consequently the AEC is obtaining expressions of interest 
from firms wishing to bid on the contract to operate the 
200 Area plants. 


Methods are presented for predicting the temperature 
distributions to be expected in such underground 
systems. Steady-state temperature distributions in 
and around buried waste-storage tanks containing 
solidified wastes are related to fission-product heat- 
generation rates. An approximate model for heat 
flow in a tank containing solidified wastes is de- 
veloped. The model can be used to vary many pa- 
rameters rapidly and to extrapolate from experi- 
mental data to other conditions inside the tank. 
Generalized correlations for the effects of tank size, 
height and spacing, soil-cover depth, water-table 
depth, and thermal properties of the system are 
presented. The authors have indicated that the most 
important factors influencing the maximum cake and 
tank-wall temperatures are the quantity of heat 
generated (by the fission products), the soil thermal 
conductivity, and the soil-cover depth; the heat- 
transfer conditions inside the tank are of secondary 
importance. Six example problems are given to aid 
in calculating maximum temperatures from given 
information. 


Selected Current Literature 


The Idaho Chemical Processing Plant has issued 
its annual report!? describing chemical and process 
development work conducted during fiscal year 1966. 
This report presents waste-management studies 
reviewed in Reactor Fuel Processing”*"' and Power 
Reactor Technology and Reactor Fuel Processing.” 
The following topics are reported on: 

1. Heat dissipation from waste-solids-storage fa- 
cilities buried in the ground.'®*- (4 detailed pre- 
sentation of this study is given in a recently issued 
report by Black and Dickey’ of the Idaho Nuclear 
Corporation.) 

2. Pilot-plant calcination of aluminum nitrate 
wastes containing high concentrations of zirconium 
fluoride, ammonium ion, or sodium ion,!*» 74 

3. Fluid-bed calcination of high-level-activity 
aqueous wastes (second campaign) in the Waste Cal- 
cining Facility (WCF).!9>»?? 


The American Institute of Chemical Engineers has 
issued a volume in its Symposium Series which deals 
with recent studies on fundamental and applied as- 
pects of fluidization.”4 Two of the fourteen papers in- 
cluded in this volume were reviewed in Reactor Fuel 
Processing.''»> One paper***»> discussed the results 
of studies on the erosion and operating character- 
istics of caps installed over orifices in the grid plate 
of a fluidized-bed vessel. On the basis of these test 
results, a cap was designed and installed in the WCF 
calciner. The other paper'!»*4> presented a study of 
the factors that influence the particle population and 
its size distribution in a fluidized-bed process. 

Oak Ridge National Laboratory has issued two re- 
ports”*»?? summarizing developmental work conducted 
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there on the solidification of high-level-activity 
aqueous wastes by three pot processes.”° Two of the 
processes are semicontinuous (batch) in operation 
and produce either a calcine (pot calcination process) 
or a glassy solid (rising-level potglass process).”¢ 
The third is a continuous melting process (Con— 
Potglass) in which a ceramic or glassy solid is 
formed.”" 

The proceedings of two symposia”’,*” have become 
available. One symposium,”® under the sponsorship 
of the AEC, was held at Richland, Wash., Feb. 15-18, 
1966. This symposium was concerned with the solidi- 
fication and long-term storage of high-level-activity 
wastes.! Some 40 papers were presented. The other 
symposium,” sponsored by the International Atomic 
Energy Agency, Vienna, was held at the agency’s 
headquarters on May 16-20, 1966. This meeting 
dealt with the physical, chemical, and biological be- 
havior of radioactive wastes discharged into surface 
waters and their effect on man and aquatic environ- 
ment. There were three sessions in which 56 papers 
were presented. 

A second supplement of selected annotated ref- 
erences on radioactive waste processing and disposal 
has been compiled.*! The compilation consists of 
1012 references from unclassified reports and jour- 
nal literature and covers the period from February 
1965 through July 1966. 
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